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ABSTRACT
THE ORIGINS, EVOLUTION, AND PHYLOGENY OF THE
PRAYING MANTISES (DICTYOPTERA: MANTODEA)

Gavin John Svenson
Department of Biology
Doctor of Philosophy
The relatively small insect order Mantodea (praying mantises) is comprised of
approximately 2,366 described species distributed in 436 genera. Members of the group
occupy diverse habitats and are distributed across the globe, though their greatest
numbers and diversity are concentrated primarily in the tropics. Though continental
endemism is common, many groups have a broad global distribution. An immense
diversity of morphology is exhibited across the order with adult mantises ranging in size
from 2cm to ~25cm, and appearing like a dead leaf, a piece of quartz rock, or a blade of
grass. The diversification and specialization of mantises in ecologically diverse and
biogeographically dispersed habitats suggest interesting questions about their
morphological and behavioral adaptations. Despite their considerable popularity and
consistent presence in the history of humanity, praying mantises have received surprising

little attention from a phylogenetic or evolutionary standpoint. Though taxonomic studies
have been thorough, discrepancies among classifications suggest wide latitude in the
interpretation of morphological characters and their relative importance for grouping
taxa. To address the lack of evolutionary knowledge surrounding praying mantises, the
specific goals of this project were to: a) Reconstruct a comprehensive phylogeny for
Mantodea using molecular characters; b) Use the phylogeny to elucidate character system
evolution including hunting strategy, auditory evolution, and morphological
convergences; and c) Investigate biogeographic patterns and determine the origins of the
modern Mantodea.
A comprehensive taxonomic and distributional sampling of Mantodea, covering
virtually all higher-level groups, was assembled to reconstruct the phylogeny for the
order. Sequence data were generated from five mitochondrial and four nuclear loci for
331 mantis species along with ten cockroach and termite species as outgroups. The
resulting phylogenetic hypotheses served as the first glimpse of mantis evolutionary
relationships and provided a template for further investigation. Only 7 of 15 families, 16
of 48 subfamilies, and 11 of 46 tribes were recovered as monophyletic indicating that
phylogeny is largely incongruent with current mantis classification. As is the case in
many other orders of insects, ‘key characters’ that do not reflect phylogeny are largely
responsible for delimiting the groups. An investigation of mantis hunting strategy
revealed clear transitions from generalist hunting mantises to the more derived strategies
of cursorial and ambush hunting. In fact, the ambush hunting strategy appears to have
evolved once, which led to a major diversification within the order.

Some praying mantises have sensitive ultrasonic hearing arising from a unique
‘cyclopean’ ear located in the ventral metathorax. This project explored the evolutionary
history of the mantis auditory system by integrating large anatomical, neurophysiological,
behavioral, and molecular databases. Using an ‘auditory phylogeny’ based on 13
morphological characters, a primitively earless form of metathoracic anatomy was
indentified in several extant taxa. In addition, there are five distinct mantis auditory
systems. Three of these can be identified anatomically, and the other two can only be
detected neurophysiologically. Mapping these results onto a phylogenetic tree derived
from molecular data, shows that the cyclopean mantis ear evolved once 85-90 mya. All
the other auditory system types are either varying degrees of secondary loss, or are recent
innovations that each occurred independently multiple times. The neurophysiological
response to ultrasound is remarkably consistent across all taxa tested, as is the multicomponent, in-flight behavior triggered by ultrasound. Thus, mantises have an ancient,
highly conserved auditory neural-behavioral system that probably arose for evasion of
echolocating predators. Modern bat families diverged ca. 63 mya, but the echolocating
ancestors of bats appeared earlier. Alternatively, non-bat predators may have driven the
evolution of the unique mantis auditory systems.
Mapping biogeographic regions on the phylogeny demonstrated that our results
adhere closer to geographic distribution than to the current classification. Specific
patterns in distribution suggest that major morphological convergences have confounded
taxonomists ability to construct natural groups. It was found that major mantis lineages
diverged prior to the isolation of geographic regions and subsequent ecomorphic
specializations within these regions led to convergences in morphology. Divergence time

estimations place the origins of Mantodea at the beginning of the Jurassic with modern
mantises originating on Gondwanaland in the Early Cretaceous. The first major
divergence among modern mantises occurred as a result of the splitting of South America
from Africa. The subsequent breakup of Gondwanaland continents spurred numerous
divergences within the order and led to the contemporary paraphyletic assemblages of
taxa within each biogeographic region. In fact, most divergences between Afrotropical
and Indomalayan lineages resulted from the slow dissociation between Africa and the
Indian subcontinent. Our results also suggest that Antarctica played an important role as a
biological conduit during the diversification of some Afrotropical and Indomalayan
lineages. Further, Antarctica facilitated the repeated invasions of South America and
Australia prior to the separation of these two continents from Antarctica during the
Eocene. When India slammed into Asia around 50 million years ago, it released a flood
of mantises into Asia and Southeast Asia that diversified and currently comprise the
largest component of Indomalayan taxa. The origins, secondary invasions, and regional
extinctions have created an order of insects with complex distributional and evolutionary
histories.
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Abstract:
The previously unknown phylogenetic relationships amongst Mantodea (praying
mantids) were inferred from DNA sequence data. Five genes (16S rDNA, 18S rDNA,
28S rDNA, Cytochrome Oxidase II, and Histone 3) were sequenced for 63 taxa
representing major mantid lineages and outgroups. The monophyly of mantid families
and subfamilies were tested under varying parameter settings using parsimony and
Bayesian analyses. Analyses revealed the paraphyly of Hymenopodidae, Iridopterygidae,
Mantidae, and Thespidae and the monophyly of the Amorphoscelidae subfamily
Paraoxypilinae. All represented subfamilies of Iridopterygidae and Mantidae appear
paraphyletic. Mantoididae is sister group to the rest of the sampled mantid taxa. Lineages
congruent with current subfamilial taxonomy include Paraoxypilinae, Hoplocoryphinae,
Hymenopodinae, Acromantinae, and Oligonicinae. Mantid hunting strategy is defined as
either generalist, cursorial, or ambush predators. By mapping hunting strategy onto our
phylogeny, we reconstructed the ancestral predatory condition as generalist hunting, with
three independent shifts to cursorial hunting and one shift to ambush hunting, associated
with the largest radiation of mantid species.
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Introduction:
Comprised of 2,300 described species distributed in 434 genera (Ehrmann 2002),
Mantodea is a predatory insect group, members of which occupy a diverse array of
widely distributed habitats (Hurd, 1999). Some groups live in dense tropical rainforests
distributed around the equator, while others reside in arid forests and deserts from Africa
to Australia. Mantids show considerable diversification in morphology, hunting strategy,
and habitat specialization. Despite considerable popularity and their consistent presence
in the history of humanity (Prete and Wolfe, 1992), praying mantids have received
surprising little attention from a phylogenetic or evolutionary standpoint.
With extensive morphological variation, many groups are remarkable in
appearance. For example, the arid-dwelling family, Eremiaphilidae, have reduced wings
and elongated legs suitable to their cursorial lifestyles. Females and nymphs of
Nesoxypilus, a genus of Amorphoscelidae, resemble and live among terrestrial foraging
ants (Rhytidoponera) in Australia (Milledge, 1990). Metallyticus is the only mantid group
to possess metallic coloration (Mukherjee, 1995). Species of Hymenopus, otherwise
known as orchid mantids, are some of the most remarkably camouflaged insects. Besides
mimicking ants and flowers, mantids also may resemble brown or green leaves, twigs,
tree bark, grass, or have cryptic coloration to hide on the forest floor.
The monophyly of Mantodea is well supported by the presence of raptorial fore
legs, a well-defined postclypeus, femoral brush, lamella system and loss of one denticle
in gizzard, abdominal neuromeres II and III fused to the complex of neuromeres in
thoracic segment III and abdominal segment I (Klass, 1998 & 1999; Roy, 1999).
Although it is clear that Mantodea and the orders Blattaria (cockroaches) and Isoptera
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(termites) form a monophyletic group, called Blattopteroidea by Hennig (1981) but
generally known as Dictyoptera (Kevan, 1977a; Richards & Davies, 1977), the
relationship between mantids and these other orders has been controversial. A review by
Eggleton (2001) outlined the main hypotheses based on molecular and morphological
analysis; 1) Mantodea + (Isoptera + Blattaria) (Kristensen, 1991); 2) Isoptera +
(Mantodea + Blattaria) (Thorne and Carpenter, 1992; Wheeler et al., 2001); and 3)
Mantodea + (Blattaria + (Cryptocercus + Isoptera)) (Klass, 2000; Lo et al., 2000;
Maekawa et al., 1999; Terry et al., in prep.). This last hypothesis, which places the
subsocial cryptocercid cockroaches as sister group to termites, has received the most
support in recent analyses.
Early taxonomic work completed on Mantodea by Beier (1964 & 1968)
established 8 families (Chaeteessidae, Mantoididae, Metallyticidae, Amorphoscelidae,
Eremiaphilidae, Hymenopodidae, Empusidae, and Mantidae) and 28 subfamilies, of
which 21 are included in the largest family Mantidae. The ambiguous grouping of
subfamilies in Mantidae and alternative interpretations of taxonomic characters has
spurred several reorganizations subsequently, most notably by Roy (1987) and Wang
(1993). A new taxonomic scheme proposed by Ehrmann (2002) elevated several mantid
subfamilies to familial rank and reorganized the positions of many genera to create a new
classification composed of 15 families and 48 subfamilies. In particular, the mantid
subfamilies Iridopteryginae, Thespinae, Sibyllinae, Toxoderinae, Liturgusinae, and
Tarachodinae were elevated to familial status. Ehrmann (2002) draws attention to the
conflict between alternative classification schemes, indicating the confusion which exists
in establishing a natural classification for these insects. Although Ehrmann’s revision
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represents the most recent statement on mantid classification, which we follow in this
study, this classification, and those which preceded it, were based on no phylogenetic
framework. Our work represents the first formal quantitative analysis of mantid
phylogeny, and allows us to test the classification scheme put forth by Ehrmann (2002).
Previous work on mantid phylogeny is based only on morphological characters
and was untested by formal phylogenetic analysis. Beier (1968) proposed Mantoididae,
Chaeteessidae, and Metallyticidae as the “most basal” families based on similar
plesiomorphic character states (e.g. wing venation; Smart, 1956). Similarly, Klass (1997)
proposed the same three families as being most basal to the rest of Mantodea, though the
study offered resolution to the “basal splitting events” among these groups. For instance,
the topology presented placed Mantoididae as the most basal mantid family (Mantoididae
+ (Chaeteessidae + (Metallyticidae + other Mantodea). Additionally, early splitting
events among families of Mantodea have been hypothesized using untested scenarios of
character evolution. For instance, one such case has been the assumption that basal
mantids possess a short prothorax, with the elongation of the thorax occurring only in the
more derived taxa (Roy, 1999). Consequently, five mantid families with a short prothorax
are grouped together as the most “primitive” lineages (Chaeteessidae, Mantoididae,
Amorphoscelidae, Eremiaphilidae, and Metallyticidae). Roy (1999) proposed that
prothoracic elongation progressed gradually in different lineages with possible secondary
shortening in some groups. Roy (1999) placed the three families Mantidae (sensu Beier
1968), Hymenopodidae, and Empusidae within the superfamily Mantoidea, based on the
presence of a relatively elongate pronotum and a clear supracoxal enlargement. However,
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it is unclear whether this group and its constituent families are monophyletic, and these
hypotheses of relationship and character evolution remain to be tested by a phylogeny.
Hunting strategies vary greatly among mantids, and the precise hunting style a
mantid species employs may depend on habitat selection, geographic location, and/or
phylogenetic constraints. For example, cursorial mantids actively run on the ground
intercepting prey items (Balderson, 1991; Milledge, 1990). Open forest floors and desert
habitats are conducive to this strategy, and subsequently most cursorial mantids employ
active hunting. Alternatively, the majority of arboreal mantids are ambush predators
(Matsura & Inoue, 1999). The chaotic nature of vegetation prevents arboreal mantids
from actively pursuing their prey; so waiting for prey items to approach suits an
environment that restricts fast locomotion.
Some mantids fit neither ambush or cursorial lifestyles, but exhibit a wider range
of habitat utilization and a more opportunistic hunting strategy. Mantid species that use
both ambush and cursorial strategies are generalist mantids. For example, members of the
family Iridopterygidae occur on open tree trunks, bare branches, twigs, and sometimes on
the ground and are generalist predators. Likewise, species of Bolbe (Haplomantinae) are
found in trees where they may ambush or pursue prey, but in many instances were
observed running on open ground far from any trees. Mantids strictly living and actively
hunting on the ground will be referred to as “cursorial”, mantids living in vegetation
(bushes, trees, grass) and strictly ambushing prey will be referred to as “ambush”, and
mantids utilizing both cursorial and ambush lifestyles will be referred to as “generalists”.
The three main classes of hunting strategies exhibited by mantids have never been
investigated from a phylogenetic standpoint to determine whether these strategies are
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phylogenetically constrained or evolutionary labile. For instance, what is the ancestral
hunting strategy? Are ambush mantids derived from cursorial mantids or from more
generalist mantids? By addressing hunting strategies in a phylogenetic context we
attempt to provide insight into the evolution of mantid predation.
This work presents the first formal phylogeny of Mantodea based on quantitative
analysis of character data. A robust phylogeny based on molecular data allows us to (1)
test the monophyly of mantid families and subfamilies, (2) evaluate the classification
scheme of Ehrmann (2002) based on this phylogeny, and (3) evaluate phylogenetic
patterns of mantid hunting strategies.

Materials and Methods:
Outgroup exemplars include five species of Blattaria from four families and three
species of Isoptera from three families. Fifty-five ingroup species were selected as
exemplars from Mantodea, including Mantoididae (1 sp.), Amorphoscelidae (6 spp.),
Hymenopodidae (5 spp.), Empusidae (1 sp.), Liturgusidae (1 sp.), Iridopterygidae (10
spp.), Thespidae (6 spp.), and Mantidae (25 spp.) (Table 1). These species represent 20
subfamilies and 40 genera. Our distribution of mantid samples is roughly proportional to
the percentage of species found in the mantid families represented in our study:
Mantoididae » 0.4% of species ≈ 1.8% of samples; Amorphoscelidae » 3.6% of species ≈
10.9% of samples; Hymenopodidae » 9.6% of species ≈ 9.0% of samples; Empusidae »
2.2% of species ≈ 1.8% of samples; Liturgusidae » 3% of species ≈ 2% of samples;
Iridopterygidae » 5.4% of species ≈ 18% of samples; Thespidae » 8.3% of species ≈ 11%
of samples; and Mantidae » 49% of species ≈ 45% of samples. Seven families were not
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included (Chaeteessidae, Eremiaphilidae, Metallyticidae, Acanthopidae, Tarachodidae,
Toxoderidae, Sibyllidae) due to difficulty in acquiring specimens suitable for DNA
extraction. These families are relatively small groups and specific taxa have been difficult
to acquire, but efforts are underway to include these taxa in a subsequent analysis. Two
families (Chaeteessidae and Metallyticidae) necessary for inclusion in future analyses are
important given their putative plesiomorphic morphological characters. Without the
inclusion of these two families, we cannot identify the deepest / earliest branching
relationships. Specimens were identified using current taxonomic keys and collaborative
assistance of several colleagues (see acknowledgements). In some cases, specimens could
not be identified to species and/or genera due to the lack of thorough monographic work
on mantids, and therefore are treated as morphospecies with vouchers retained. Mantids
were classified as cursorial, ambush, or generalist hunters (Table 1) based on reports in
the literature for amorphoscelids (Balderson, 1991) or field observations (remaining
taxa).
Thoracic and profemoral muscle tissue was excised from specimens preserved in
100% ethanol. DNA was extracted using Qiagen DNeasy (Valencia, CA) protocol for
animal tissue. Specimen and DNA vouchers are deposited in the Insect Genomics
Collection (IGC), M. L. Bean Museum, Brigham Young University. Five genes were
targeted for amplification and sequencing: 16S ribosomal DNA (16S rDNA; ~ 440 bp),
18S ribosomal RNA (18S rDNA, ~1,800 bp), 28S ribosomal RNA (28S rDNA; ~2,800
bps), Histone 3 protein coding for the nucleosome (H3; 329 bp), and Cytochrome
Oxidase II (COII; 600 bp). Primers and protocol utilized for 18S and 28S amplifications
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are given in Whiting (2001). Additional primer sequences and amplification protocols for
16S r DNA, COII, and H3 are provided in Table 2.
DNA regions of the five targeted genes were amplified via the polymerase chain
reaction (PCR) on a DNA Engine DYADTM, Peltier Thermal Cycler. PCR products were
visualized with gel electrophoresis to verify amplification and contamination via negative
controls. Amplicons were purified via the Montage PCR96 Cleanup Kit (Millipore®), and
cycle sequenced with ABI Prism Big Dye® version 3 dye terminator chemistry.
Sequencing reactions were column purified with SephadexTM G-50 Medium and
fractionated with an ABI 3730xl DNA analyzer. Gene regions were sequenced with
complements and sufficient overlap with adjacent regions to ensure accuracy of sequence
data. Sequence data were imported into Sequencher® 4.0 (Genecodes, 1999) for
nucleotide editing and contig assembly. Missing data for Isoptera and Blattaria was
augmented by four sequences downloaded from GenBank for Mastotermes darwiniensis
(16S rDNA and COII; Thompson et al., 2000), Cryptocercus punctulatus (16S rDNA;
Kambhampati et al., 1996), and Gromphadorhina portentosa (16S rDNA; Kambhampati,
1995). Genes were manually aligned initially in Sequencher® 4.0 and partitioned into
regions at the conserved domains in order to speed up the alignment search strategy. This
resulted in multiple gene partitions: 16S rDNA - 2 regions, 18S rDNA - 4 regions
(congruent with the G, A-D, B-C, and E-F domains of 18S), 28S rDNA - 7 regions
(congruent with the A, B1, B2, C, D, E, and F domains of 28S), COII- 1 region, and H31 region. All partitioned regions were combined in the analyses.
Partitioned gene regions were analyzed via optimization alignment (OA) in POY
(Gladstein and Wheeler, 1997) and implemented in parallel on an IBM SP-2
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supercomputer (http://marylou.byu.edu/resources.htm) containing 316 power3 processors
(375 MHz). POY search parameters are as follows for equivalent cost ratios “-fitchtrees maxprocessors 3 -onan -onannum 1 -parallel -noleading -norandomizeoutgroup impliedalignment -sprmaxtrees 1 -tbrmaxtrees 1 -maxtrees 5 -holdmaxtrees 50 -slop 5 checkslop 10 -buildspr -buildmaxtrees 2 -random 20 -stopat 25 -multirandom -treefuse fuselimit 10 -fusemingroup 5 -fusemaxtrees 100 -numdriftchanges 30 -driftspr numdriftspr 10 -drifttbr -numdrifttbr 10 -slop 10 -checkslop 10 -molecularmatrix 111.txt seed –1”.
Multiple cost parameters for optimization alignment were employed to test the
sensitivity of the phylogenetic conclusions to perturbations in parameter values. The goal
of sensitivity analysis is not to determine the “true” analytical parameters per se, since
these are unknown and unknowable, but rather to test the sensitivity of the phylogenetic
conclusions to a wide range of biologically meaningful analytical parameters. We varied
the cost ratios for gap insertion, transversion and transition from identity to treating gaps
and transversions as four times the cost of transitions (Wheeler et al., 2001). This resulted
in 20 combinations of parameter values evaluated across the parameter landscape.
Additionally, we used the incongruence length difference metric (ILD; Mickevich &
Farris, 1981) to measure congruence among data partitions across the range of cost
parameters (Table 3). The combination of cost parameter values that maximized data set
congruence by minimizing the ILD value, was retained as the best justified parameter
values for phylogenetic estimation (Wheeler et al., 2001), and thus underwent a more
exhaustive search (100 random additions for individual gene analyses, 1200 random
additions for total combined analysis). The trees were rooted to Blattaria.
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Nodal support was calculated for the combined data set. Partitioned Bremer
support values (Baker & DeSalle, 1997) were calculated from POY’s implied alignment
using TreeRot.v2b (Sorenson, 1999) and PAUP 4.0b10 (Swofford, 2002). While the
implied alignment of POY is not intended to be the same as a standard multiple
alignment, it is nonetheless the best estimate of a minimal cost multiple alignment and is
useful for further phylogenetic investigation. Nonparametric bootstrap values were
calculated also using the implied alignment from POY (1000 replicates, 50 random
additions per replicate, gaps treated as 5th state) in PAUP 4.0b10.
Data were analyzed also under the maximum likelihood criterion. The best fit
likelihood model for the implied alignment of the total combined data set was determined
using ModelTest 3.06 PPC (Posada & Crandall, 1998). Bayesian analysis was performed
with MrBayes 2.01 (Heulsenbeck & Ronquist, 2001) using model parameters from the
calculated best fit model (generations= 1000000). The first 80,000 generations were
treated as the burn-in and discarded.

Results:
Equally weighted gaps, transitions, and transversions resulted in the minimal ILD
score among data sets for all parameters tested (0.0307; Table 3). This result is consistent
with other studies which demonstrate that for complex data sets, treating parameter cost
ratios as identity (gap:transversion:transition ratio equals 1) in POY results in the greatest
congruence among data sets (Whiting, 2003; Robertson et al., 2003). A more thorough
search with parameter values set to identity resulted in a single topology accepted as the
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preferred tree for subsequent analyses and discussion (length = 8913, CI = 0.4490, RI =
0.5908; Figure 1).
Sensitivity analysis was performed to test the stability of certain nodes to
variations in cost parameter values. Results from these analyses are reported in the
phylogeny (Figure. 2). These results suggest that some of the deep level relationships
(e.g., Mantodea, Clades 1 and 2) are stable across a wide range of parameter values,
whereas others are stable only under a more narrow range. Overall, the shallow nodes are
more stable to parameter perturbations than are the deeper nodes in the topology,
suggesting that this topology is moderately stable to fluctuations in parameter values
across the landscape.
Nonparametric bootstraps and partitioned Bremer calculations show high levels of
nodal support throughout the topology. Based on Bremer and partitioned Bremer values
(Table 4), 28S rDNA expressed the majority of signal for all nodes (48%) and provided
the greatest signal for deeper level relationships (53%) of any data partition. The majority
of signal from 16S (22%) was at the inter- and intrafamilial level. While 28S rDNA
supplied sufficient support at deeper nodes and the terminals to recover the majority of
the total combined topology, this gene alone could not recover relationships at the tips of
the tree. Besides 28S, subfamilial and terminal relationships are best supported by COII
(19%) and similarly by 16S rDNA (17%) and H3 (16%). Both H3 and COII provided
their best support for terminal relationships 16% and 19%, respectively) while providing
little support for deeper level nodes (12% and 5%, respectively). 18S provided
consistently weak support throughout the topology, but was best at recovering deeper
level relationships (8%). Of 54 nodes on the topology, 41 are supported by values of
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90% or higher for the nonparametric bootstrap, indicating the relative robustness of the
topology.
Bayesian analysis resulted in a topology highly congruent with parsimony
analysis. The major incongruence between Bayesian and parsimony topologies was
caused by the inconsistent placement of Amantis reticulata, which is resolved as sister to
Iridopterygidae + Liturgusidae + Amorphoscelidae in Bayesian analysis, but is sister to
all ingroup taxa except M. schraderi, Bantia sp. 1 & 2, and Plistospilota sp. in the
combined POY analysis (Figure 1). The position of this taxon finds only weak supported
in both ML and parsimony. Additionally, Bayesian analysis resolves Choeradodis
rhombicollis as sister to Orthodera sp. The posterior probabilities calculated for the
topology are 90% or greater for 45 of the 54 nodes (Figure 1). The nodes not supported
by Bayesian analysis are labeled as DNS (Does Not Support, Figure 1).
Mantoida schraderi (Mantoididae) is strongly supported as sister to the rest of the
ingroup taxa. Optimization alignment (OA) produced a topology with basal M. schraderi
supported by all genes except H3, which expressed minor (-2) conflicting signal and a
bootstrap of 100%. Bayesian analysis recovered a basal M. schraderi with a posterior
probability of 100%. The monophyly of Paraoxypilinae is supported by 18S, 28S and H3
while both 16S and COII provided no support, but the placement of Amorphoscelidae is
not at the base of Mantodea as predicted by Roy (1999), but rather is nested in a
paraphyletic assemblage of Iridopterygidae and Liturgusidae.
Mantidae is a grossly paraphyletic assemblage regardless of whether one follows
the classification of Beier (1968), or Ehrmann (2002) who raised many Mantidae
subfamilies to a familial level. In fact, a monophyletic Mantidae was found in no
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sensitivity analysis. Of the seven mantid families included in this analysis, only five had
multiple exemplars, and of these five only one (Amorphoscelidae) is potentially
monophyletic, which can be tested with the inclusion of taxa from Amorphoscelinae and
Perlamantinae in future analyses. Of the 20 subfamilies included in this analysis, 14 had
multiple exemplars, and of these 14, five are monophyletic (Hymenopodinae,
Acromantinae, Paraoxypilinae, Oligonicinae, and Hoplocoryphinae).

Discussion:
Our phylogenetic analysis of Mantodea provides insight into the naturalness of
the classification suggested by Ehrmann (2002). Our results suggest that the majority of
families and subfamilies are paraphyletic, and that some characters used in current
mantid classification are homoplasious. For example, Roy (1999) considered
Mantoididae and Amorphoscelidae to be primitive mantid lineages based on the short
prothorax. While the basal position of Mantoida schraderi agrees with previous studies
(Beier, 1968; Klass, 1997; Roy, 1999), the more apical placement of Paraoxypilinae
(Amorphoscelidae) contradicts Roy’s (1999) notion that these characters indicate a
primitive mantid lineage. According to our results, the short prothorax in Paraoxypilinae
was derived secondarily, perhaps in association with the cursorial lifestyle. Therefore,
prothorax length is a homoplasious character and classifications using this character
should be considered suspect. The potential plasticity of prothorax length also leads us to
believe that trends in prothorax lengthening are mostly meaningless across the topology.
Instead, accurate trends may only be uncovered with thorough taxon sampling.
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Hymenopodidae is paraphyletic due to the placement of the empusid Gongylus
gongylodes as sister to the hymenopodid Phyllocrania paradoxa. Support for this
relationship is mainly from 16S, COII and H3 while 28S provides conflicting (-2) signal.
In the Bayesian analysis G. gongylodes nests within Acromantinae along with
Epaphroditinae, making the Hymenopodidae + Empusidae clade monophyletic, though
additionally sampling from both families is needed to test this relationship.
Our findings that Mantidae is a grossly paraphyletic lineage is not particularly
surprising, as this family historically has been a taxonomic “grab-bag” of many divergent
taxa including ~80% of the described species (Beier, 1968). A major innovations in
Ehrmann’s (2002) work was to raise a number of Mantidae subfamilies to familial status,
and to describe additional subfamilies within Mantidae. Ehrmann (2002) elevated the
subfamilies Iridopteryginae, Thespinae, Sibyllinae, Toxoderinae, Liturgusinae, and
Tarachodinae, formerly placed within Mantidae, to familial status. In addition, the
Mantidae was reorganized to include 20 subfamilies. These new families
(Iridopterygidae, Thespidae, and Liturgusidae) nest in positions more basal to the
majority of the other Mantidae, which appear on the more apical portions of the tree.
However, Thespidae appears to be grossly paraphyletic, with the three representative
subfamilies (Hoplocoryphinae, Oligonicinae, and Pseudomiopteriginae) broadly
separated on the tree. The placement of these taxa make sense in light of predatory
strategies (described below) in that Pseudomiopteriginae are ambush mantids which nest
among the other ambush mantids, Hoplocoryphinae are cursorial mantids which nest
among the other cursorial mantids, and Oligonicinae are generalist predators which nest
among the other generalist predators in our topology. Our sampling of Liturgusidae is not
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sufficient to conclude anything about its status as a valid family. For those subfamilies
within Mantidae and Iridopterygidae, which include multiple exemplars, none are
monophyletic. These results suggest that even the revised classification of Ehrmann
(2002) needs further revision to more accurately represent mantid phylogeny.

The Evolution of Hunting Strategy:
Though detailed analysis of hunting strategies have yet to be undertaken for a
wide variety of mantid species, our analysis shows some broad patterns in the evolution
of mantid predation. As described above, the sister group to Mantodea is Blattaria (with
Isoptera nested as a lineage subordinate cockroach lineage), and roaches are generalist
feeders and scavengers. The ancestral condition within Mantodea appears to be generalist
predators which employ a diverse range of strategies for capturing prey. The specific
hunting strategy used by the mantid placed basal in our topology (Mantoida schraderi) is
unknown, but the topology predicts that it also should be a generalist predator.
Generalist mantids originated at the most basal dichotomy within Mantodea, but
the largest monophyletic radiation of generalist mantids is exemplified in clade 1 (Figure
3) which includes an assemblage of three diverse families (Iridopterygidae,
Amorphoscelidae, and Liturgusidae). If clade 1 is recovered also in future analyses with
additional representatives of these three families, then this will represent the largest
radiation of generalist predators within Mantodea. Species from this clade live on the
bare surfaces of trees on the main trunk or branches. They exhibit cryptic behavior,
holding still to avoid detection, but resort to fast bursts of speed to capture prey. The
behavior of these mantids appear more advantageous to a smooth, unhindered
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environment as opposed to the complex tangle of vegetation characteristic of ambush
mantids.
Within the generalist mantids, there are three independent origins of the cursorial
strategy, where mantids are restricted to actively hunting on the ground by intercepting
prey. Within clade 1 (Figure 3), the cursorial lifestyle evolved once within the genus
Cliomantis and once within the clade Tarachina + Chloromantis. The arid habitat of
these three genera suggests that both groups are most likely derived from ancestors living
on dry scrubland trees. The sister group to Cliomantis is Gyromantis, and we have
observed Gyromantis utilizing both tree surface and ground habitats as generalist
predators. There appears to be differing degrees of ground utilization throughout
Amorphoscelidae, and the group seems to exhibit an intermediate predatory strategy, by
searching for prey both on trees and on the ground. Within clade 2, the cursorial
predatory strategy was derived once within the clade comprised of Hoplocorypha,
Heterochaetula, and Litaneutria, members of this clade are all considered strict cursorial
specialists. These taxa are found in the same sort of arid habitats as the other cursorial
taxa, suggesting that these multiple shifts from bark surface dwelling to cursorial
specialization is associated with habitat.
All mantids that possess the ambush strategy form a monophyletic group, whose
apical placement suggests that this is the most derived hunting strategy. The majority of
mantid species fit within this category, suggesting that the shift from generalist to ambush
predators was a major innovation in mantid diversification. Hymenopodidae and
Empusidae are sister to the rest of ambush mantids, and both exhibit some of the most
specialized morphological adaptations (e.g., Hymenopus coronatus, the orchid mantid). It
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is perhaps significant that we see no shift from ambush predators to the cursorial
predators, or reversals to the generalist strategy, further indicating that this was an
important life shift in the evolution of mantids. We suspect a shift occurred also in the
mantid visual systems, as ambush predators have to orient to prey in three dimensions,
whereas the generalist and cursorial predators essentially hunt in two dimensions. This
potential shift will be investigated in a subsequent study which will examine many facets
of mantid visual systems.
We have presented the first formal quantitative analysis of mantid phylogeny
based on any character system. While our results are preliminary, and would certainly
benefit from the addition of representatives of other mantid lineages, our study suggests
that our topology is robust and that mantid classification needs further revision. The
majority of families and subfamilies are paraphyletic, and there is a need to score both
morphology and molecular data across a wider range of taxa. The predatory strategies
employed by mantids appear more congruent with our topology than does the current
taxonomy, and the shift to ambush predators appears to be a major innovation in the
evolution of mantids leading to a greater diversification of species. Mantids are a
fascinating but a neglected group of insects, and further work deciphering their
phylogenetic relationships will undoubtedly provide valuable insights into the evolution
of these charismatic predators.
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Figure Legends:
Figure 1. Optimization Alignment topology based on five genes (16S rDNA + 18S rDNA
+ 28S rDNA + Cytochrome Oxidase II + Histone 3) (Length = 8913, CI = 0.4490, RI =
0.5908). This topology is largely congruent with the Bayesian analysis topology except
for nodes labeled as DNS (Does Not Support). Nodal support is presented in terms of
nonparametric bootstraps, followed by posterior probabilities, followed by total Bremer
support values. Numbers in brackets refer to the partitioned Bremer support values given
in the order 16S/18S/28S/COII/H3.

Figure 2. Optimization alignment topology as given in figure 1, but with terminals
combined at the subfamilial level, with parameter landscapes depicting results of the
sensitivity analysis for deeper nodes. The landscape depicts cost parameter values for 20
parameter combinations, with the monophyly, paraphyly, or unresolved status of each
node for every combination indicated on the corresponding landscape.
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Figure 3. Optimization alignment topology with predatory strategy indicated on the
topology and mapped on the nodes. The ancestral condition in mantids is generalist, with
two shifts to cursorial strategy in clade 1, and one shift in clade 2. This topology
supports a single origin of ambush strategy. The strategy of Mantoida schraderi is
unknown.

Table 2. Primer sequences and amplification profiles.
Gene
16S

COII

H3

Sequence

Primer
16Sa
16Sb
COII 2a
COII Flue
COII 9b
COII R-lys
HexAF
HexAR

5'- CGC CTG TTT ATC AAA AAC AT -3'
5'- CTC CGG TTT GAA CTC AGA TCA -3'
5'- ATA GAK CWT CYC CHT TAA TAG AAC A -3'
5'- TCT AAT ATG GCA GAT TAG TGC -3'
5'- GTA CTT GCT TTC AGT CAT CTW ATG -3'
5'- GAG ACC AGT ACT TGC TTT CAG TCA TC -3'
5’ – ATG GCT CGT ACC AAG CAG ACG GC –3’
5’ – ATA TCC TTG GGC ATG ATG GTG AC –3’
Amplification Profile

Hot Start

Denature

Anneal

Extension

Final Extend

Cycles

16S

95° (12:00)

94° (:30)

54° (:30)

72° (1:00)

72° (5:00)

40

COII

95° (12:00)

94° (1:00)

52° (1:00)

72° (1:15)

72° (1:00)

40

H3

95° (12:00)

94° (1:00)

54° (1:00)

72° (1:00)

72° (10:00)

40
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Table 3. Lengths for data partitions across 20 cost parameter sets (Gap Costs:
Transversion Cost: Transition Cost) and incongruence length difference (ILD) values.

16S
18S
28S
Rib
RibILD
COII
H3
Total
MolILD

16S
18S
28S
Rib
RibILD
COII
H3
Total
MolILD

110

111

210

211

221

310

311

331

410

411

801

1384

927

1520

2212

1019

1615

3033

1109

1706

282

535

407

671

835

521

791

1125

632

905

1780

3076

2554

3983

4974

3218

4718

6797

3849

5411

2978

5117

4051

6321

8228

4995

7337

11225

5860

8295

0.039

0.024

0.040

0.023

0.025

0.047

0.029

0.024

0.046

0.033

1326

2854

1324

2850

4230

1324

2853

5570

1325

2853

313

793

313

793

1126

313

793

1446

313

793

4715

8916

5825

10133

13828

6791

11175

18591

7680

12157

0.0452

0.0307

0.0515

0.0312

0.0326

0.0583

0.0362

0.0333

0.0589

0.0402

421

441

621

631

821

841

931

1231

1241

1641

2462

3851

2666

3398

2839

4322

3684

3942

4707

5048

1095

1414

1332

1512

1546

1926

1864

2189

2388

2824

6647

8591

8060

9222

9387

11812

11326

13271

14588

17153

10517

14240

12506

14593

14337

18672

17523

20213

22519

26091

0.030

0.027

0.036

0.032

0.039

0.033

0.037

0.040

0.037

0.041

4227

6901

4227

5570

4224

6896

5567

5569

6905

6907

1126

1763

1126

1446

1126

1763

1446

1446

1763

1763

16133

23334

18178

21984

20055

27825

24988

27764

31827

35480

0.036

0.035

0.042

0.038

0.047

0.040

0.044

0.049

0.046

0.050
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Table 4. Sums of Bremer and partitioned Bremer support values across the topology in
Figure 1.

Nodes
Ingroup
Interfamilial
Intrafamilial
Intrasubfamilial

Total
Bremer
Support
1134
418
716
561

Total Support
16S
238
90
148
98

18S
45
35
10
10

28S
547
223
324
257

25

COII
141
22
119
108

Percentage Support
H3
163
48
115
88

16S
21
22
21
17

18S
4
8
1
2

28S
48
53
45
46

COII
13
5
17
19

H3
14
12
16
16

100/-/96{11/34/60/-9/0}
100/100/91{7/12/74/-2/0}
100/100/84{0/15/69/0/0}
100/100/37{0/2/35/0/0}

100/100/145{9/29/74/35/-2}
100/100/32{8/2/22/2/-2}

100/100/28{7/6/15/0/0}

100/100/27{7/4/19/-1/-2}

100/100/59{0/1/36/15/7}
94/DNS/8{0/0/8/-2/2}
100/100/50{14/0/36/0/0}

99/DNS/12{6/0/0/6/0}

100/100/20{6/-2/16/-2/2}

98/100/16{9/0/3/5/-1}

99/100/13{8/1/4/0/0}

98/96/14{0/0/12/0/2}

64/DNS/4{6/0/-4/0/2}
<50/DNS/4{6/0/-4/0/2}
58/DNS/4{6/0/-4/0/2}
92/100/3{0/0/2/0/1}

95/96/12{8/0/1/2/1}
75/DNS/6{8/-1/-1/0/0}

100/100/19{0/1/12/0/6}

100/100/34{16/0/5/8/5}

80/96/7{8/0/2/-4/1}

100/100/34{0/0/29/0/5}

93/100/13{2/1/8/2/0}

55/100/5{2/0/3/-2/2}
100/100/113{27/1/51/25/9}
71/DNS/8{3/0/-2/3/4}

67/95/5{2/1/-1/-3/6}

100/100/17{0/0/6/3/8}
68/99/5{0/-1/5/-5/6}
91/100/8{1/2/5/0/0}

86/100/11{3/0/1/2/5}
100/100/26{3/4/17/1/1}

<50/DNS/3{3/0/-3/3/0}

98/100/19{1/-4/17/5/0}
100/100/73{9/1/33/12/18}

91/100/14{1/1/8/0/4}
100/100/24{3/0/7/8/6}

96/100/13{1/-1/11/-3/5}
68/DNS/4{0/-1/3/-2/4}

98/100/10{2/0/4/2/2}
100/100/21{7/0/0/14/0}

100/100/23{3/-1/15/-4/10}

100/100/38{9/0/11/12/6}
99/100/11{2/0/5/3/1}

63/<50/2{-1/0/3/-2/2}

Nodal Support

100/100/14{1/0/4/2/7}
100/100/19{2/0/10/-1/8}

99/100/14{5/1/12/-5/1}

91/100/8{1/0/8/-4/3}

Nonparametric bootstrap/Posterior
Probability/Total Bremer
{partitioned Bremer:16S/18S/28S/COII/H3}
Figure 1

92/100/7{4/0/1/1/1}

100/100/11{2/0/5/3/1}

100/100/17{0/0/9/3/5}

100/100/19{-1/0/8/5/7}
96/100/8{9/0/0/-1/0}
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ABSTRACT
Some praying mantids have sensitive ultrasonic hearing arising from a unique ‘cyclopean’ ear
located in the ventral metathorax. This paper explores the evolutionary history of the mantis
auditory system by integrating large anatomical, neurophysiological, behavioral, and molecular
databases. Using an ‘auditory phylogeny’ based on 13 morphological characters, we identified a
primitively earless form of metathoracic anatomy in several extant taxa. In addition, there are five
distinct mantis auditory systems. Three of these can be identified anatomically, and the other two
can only be detected neurophysiologically. Superimposing these results onto a phylogenetic tree
derived from molecular data from seven genes, shows that the cyclopean mantis ear evolved once
85-90 mya. All the other auditory system types are either varying degrees of secondary loss, or are
recent innovations that each occurred independently multiple times. The neurophysiological
response to ultrasound is remarkably consistent across all taxa tested, as is the multi-component, inflight behavior triggered by ultrasound. Thus, mantids have an ancient, highly conserved auditory
neural-behavioral system that probably arose for evasion of echolocating predators. Modern bat
families diverged ca. 63 mya, but the echolocating ancestors of bats appeared earlier. Alternatively,
non-bat predators may have driven the evolution of the unique mantis auditory systems.

Key words: insect hearing—evolution—molecular phylogeny—insect ear—praying
mantis—tympanum—cyclopean ear—bat evasion—acoustic startle
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INTRODUCTION
In part because of their immense diversity, insect tympanate auditory systems offer an
opportunity to understand the evolutionary patterns and processes that lead to ‘new’ sensory
systems. A traditional strategy has been to identify and compare auditory systems, or the
homologous anatomical components of the auditory system, in a broad range of species (acridids:
Mason, 1968; ensifera: Gwynne, 1995; moths: Yack, Scudder & Fullard, 1999; Hasenfuss, 2000;
Minet & Surlykke, 2003; flies: Edgecomb et al., 1995; Lakes-Harlan, Stölting & Stumpner, 1999;
mantids: Yager, 1999a, 2005). An even more informative approach is to integrate comparative
anatomical data with phylogenetic data, and this has been done primarily for moths, ensifera, and
flies. It is clear from these studies that tympanate hearing has evolved independently >20 times
among eight orders (Yager, 1999b; Yack & Hoy, 2003). The orders differ considerably. For
example, the Lepidoptera boast >8 appearances of hearing patchily distributed throughout the order
(Scoble, 1995; Minet & Surlykke, 2003). The large order Diptera has only two in related lineages,
the tachinids and the sarcophagids (Edgecomb et al., 1995; Lakes-Harlan et al., 1999), and the huge
order Coleoptera also has two, but in unrelated families (Forrest et al., 1997; Yager & Spangler,
1995).
Praying mantids (Dictyoptera; Mantodea) offer an interesting and useful counterpoint to other
tympanate insect groups for several reasons: 1) the auditory system is unique (reviewed in Yager,
1999a). An anatomically and functionally single ear comprising two tympana in a deep, cuticular
auditory chamber is located in the ventral midline of the caudal metathorax. The vast majority of
mantids can hear only ultrasound; 2) some mantids have two separate cyclopean auditory systems
(Yager 1996a); 3) the suborder Mantodea is small by insect standards with only ca. 2400 species
(Ehrmann & Roy, 2002); 4) neither of the two other groups within the order Dictyoptera, the
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cockroaches and the termites, has tympanate hearing (Yager, 2005); 5) despite its small size, the
suborder Mantodea is rich in diversity (Beier, 1968; Prete et al., 1999), including adult body size
(6mm – 155 mm), habitat (from desert to cloud forest and most habitats in between, with
complementary behavioral, ecological, and anatomical specializations), chromosome number and
sex chromosome system (Hughes-Schrader, 1950; White, 1965). This diversity suggests that there
may also be a range of auditory adaptations, and two have been identified (Yager, 1990; Triblehorn
& Yager, 2001); 6) the ontogeny of the mantis ear (an earless to eared transition) is known (Yager,
1996b); 7) the cockroach homologs of the mantis auditory system components (another earless to
eared transition) have been identified (Yager, 2005); and 8) although the fossil record of mantids is
scant, it has grown recently to include several well-preserved specimens from the Cretaceous
(Gratschev & Zherikhin, 1994; Grimaldi, 1997, 2003).
Ultimately audition must subserve adaptive behaviors, and the evolution of those behaviors is
a crucial part of the overall story. For mantids, bat detection and evasion is a major function of
hearing. Trains of ultrasonic pulses trigger a complex, multi-component behavior that converts a
straight flight path into a power dive toward the ground (Yager & May, 1990; Yager, May &
Fenton, 1990; Triblehorn, 2003). Hearing mantids escape capture by flying bats in 76% of attacks,
whereas deafened mantids escape only 34% of the time. The evolution of such a behavior requires
alterations in the central nervous system to link the ‘new’ sensory information to an effective
behavior. Some of these neural underpinnings are known for mantids (Yager & Hoy, 1989;
Triblehorn & Yager, 2002, 2005).
The major drawback to using mantids in comparative studies of ear evolution has been the
lack of a phylogeny for the suborder. The standard taxonomic scheme for mantids (Beier, 1968) and
its recent revision (Roy, 1999; Ehrmann & Roy, 2002) are based solely on a traditional taxonomic
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interpretation of physical characters. Two recent studies have addressed the question of mantis
phylogeny. Grimaldi (2003) created a phylogentic hypothesis for the fossil taxa and the three extant
basal families of mantids. Svenson and Whiting (2004) generated a molecular phylogeny of the
suborder based on analysis of multiple genes, both nuclear and mitochondrial, from 63 species. The
molecular phylogeny found that only one of five families tested and five of fourteen subfamilies of
the Ehrmann and Roy (2002) revision were potentially monophyletic.
This paper presents the results of an extensive anatomical, physiological, and behavioral
survey of mantis auditory systems. It complements and extends several previous studies (Yager &
Hoy, 1989; Yager & May, 1990; Yager, 1990, 1996a; Triblehorn & Yager, 2001) with new data and
new analyses, and then integrates the overall results using phylogenetic techniques. The results
show six major auditory types among the praying mantids, although only four of these can be
recognized anatomically. We superimposed the ear types onto a newly created molecular phylogeny
of the suborder. The anatomical/physiological/behavioral patterns are highly congruent with the
phylogenetic tree derived from molecular data. The metathoracic ear arose just once 85-89 mya, and
there are several extant lineages of primitively earless mantids. The neurophysiological and
behavioral characteristics are highly conserved throughout the suborder, suggesting a defensive
system as old as the ear itself.
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MATERIAL AND METHODS
Animals
Preserved specimens
The anatomical data came from examination of pinned specimens in the collections at the
British Museum (Natural History), the Philadelphia Academy of Sciences, the US National Museum
of Natural History, and the American Museum of Natural History.
Live specimens
A total of 76 species of live mantids were available during the project. Sources included
commercial suppliers, hobbyists, other scientists, and field collection. In some cases, we tested
wild-caught adults, and in the remainder the mantids were raised in our colony from eggs and
nymphs. Although identification at the genus level was always clear, the species was sometimes not.
Voucher specimens are stored at the Department of Psychology, University of Maryland, College
Park.
Specimens for molecular studies
All genetic data were taken from the GenBank submissions of Svenson & Whiting (2004,
unpublished data). The original tissue samples for that data came almost exclusively from freshly
preserved specimens, ensuring highest quality DNA sequencing. However, in a few cases, the
animals had been preserved in 70% ethyl alcohol and stored for more than five years at room
temperature. In one case (Metallyticus) muscle was removed from a recently pinned specimen, and
in another (Chaeteesa) from a museum specimen ca. 10 years old.
Metathoracic anatomy
Examination of each specimen focused on the caudal midline of the metathoracic sternum.
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Data collection focused on 25 sternal characteristics and their variations. The most important of
these are shown in Fig. 1. Because of its strong correlation with ear anatomy, we also recorded wing
length (full winged, mildly brachypterous, strongly brachypterous, apterous). General information
recorded for each species included body length, geographic distribution, and overall habitus.
Classification above the species level followed Ehrmann & Roy (2002).
Several safeguards were incorporated into the data collection. Of the species included in the
final data set, type specimens accounted for 28% of the data. An additional 57% was identified by
established authorities (primarily M. Beier, E. Giglio-Tos, M. Hebard, A. Kaltenbach, J. Marshall,
J.A.G. Rehn, R.Roy, B. Uvarov). The remaining 15% were determined with reference to identified
specimens in the collections. In most cases, several individuals of each species and several species
from each genus were examined. To assure observer consistency over time, it was often possible to
examine the same species in multiple museum collections. Examination of live mantids and animals
recently preserved in alcohol helped overcome the issue of distortion due to drying
Physiology
Procedures
Physiological experiments were carried out using the procedures detailed in Triblehorn &
Yager (2001). Briefly, after surgical exposure of the ventral nerve cord in the prothorax, the animal
was positioned at the center of an anechoic box. Stimuli (50 or 70 ms sound pulses with 3-5 ms
rise/fall times over the range of 1-150 kHz) were played from Panasonic EAS10TH400B (for > 10
kHz) and Radio Shack 40-1289A speakers at the end of the box. Ascending neural activity was
recorded using a suction electrode placed over the caudal cut end of one of the connectives and
standard recording electronics.
Calibration of the stimulus presentation system used a Brüel & Kjaer 2231 sound level meter
39

with a 4135 6.25 mm microphone (protective grid off) positioned above the wax/plastic block at the
location occupied by the caudal metathorax during experiments. The frequency response of the
calibration system was flat ± 1 dB up to 70 kHz. For frequencies above 70 kHz, a correction curve
was derived from the frequency responses of the sound level meter itself and the microphone.
Data collection
A physiological tuning curve was determined for each animal using stimuli at ≥25 frequencies
between 1 kHz and 150 kHz. Threshold was defined as the lowest sound pressure level (SPL) that
elicited a response in two out of three stimuli. Sample sizes for individual species ranged from 1 to
>50 depending on availability, and in most cases included both sexes.
Animals that showed no auditory responses in an initial scan were nevertheless tested at a
minimum of 15 frequencies from 1 kHz to 100 kHz with three intensities including 95 dB SPL. We
normally did not know the age of wild-caught animals, but extensive studies with several genera
(Mantis, Sphodromantis, Taumantis, Hierodula, Miomantis, Creobroter, Parasphendale) over many
years has shown no decrement in auditory sensitivity with age.
Behavior
Mantids suspended by a wire attached to their pronotum will fly readily, especially when a
gentle wind is directed onto their head from the front. Using the set-up and stimulus producing
system detailed above, we assessed the behavioral responses of flying mantids. The stimuli were
300 ms trains of 10 ms pulses with 50% duty cycle 20 dB over threshold at the individual animal’s
most sensitive frequency.
The evasive response comprises five distinct and separate components. For each species we
recorded the occurrence, strength, variation of each component. In addition, we noted any
qualitative variations and overall variability of the responses. For more details of the behavioral
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techniques refer to Triblehorn and Yager (2001).
Phylogeny of metathoracic anatomy
To assess the possible evolutionary relationships among the types of ventral metathorax, we
created a phylogenetic reconstruction using the characters studied in the anatomy data set (Fig. 1;
see character descriptions below). Male and female data sets were analyzed separately. The data sets
included both ordered and unordered characters with three weight categories (1, 3, and 5) to favor
characters most critical in defining the structure and function of the mantis ear.
Parsimony analysis was performed on both the male and female data sets using TNT
(Goloboff, Farris & Nixon, 2003). We performed 5000 random additions using the default ‘New
Technology Search’ which employs tree-drifting, sectorial searching, tree-fusing (Goloboff, 1999)
and ratchet (Nixon, 1999). A strict consensus tree for each sex was produced from the most
parsimonious trees. We mapped selected character state changes on deep level, resolved nodes using
ACCTRAN optimization in lieu of Bremer and bootstrap values.
Molecular phylogeny
A molecular phylogeny was reconstructed with DNA sequence data for seven nuclear and
mitochondrial genes downloaded from Genbank (see Appendix 1A for GenBank accession
numbers). The specific genes have served to resolve effectively Mantodean and other insect
relationships (Caterino, Cho & Sperling, 2000; Terry & Whiting, 2005). Outgroups came from the
Blattodea (2 taxa) and Isoptera (3 taxa), the closest extant relatives to the Mantodea (see above).
We assembled configs for each of the seven genes using Sequencher® 4.2.2 (Genecodes,
1991-2003). We performed manual alignment on protein coding genes to match their conserved
codon reading frame. Length variable ribosomal genes were manually aligned according to
conserved and non-conserved regions (a crude secondary structure alignment) to create multiple
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partitions for algorithmic alignment. The resulting sequence partitions for 28s rDNA (13 partitions),
18S rDNA (5 partitions), 12S rDNA (3 partitions), 16S rDNA (10 partitions) were aligned using
MAFFT ver.5.7 (Katoh et al., 2002; Katoh et al., 2005) under the L-INS-i parameter (an iterative
refinement method incorporating local pair-wise alignment information). We aligned the mantis
sequences separately to maintain a more conservative usage of gaps within the ingroup. All genes
were concatenated using MacClade 4.06 (Maddison & Maddison, 2003) and exported with seven
named partitions corresponding to gene loci. Aligned loci include: 12S rDNA- 477 bps; 16S rDNA657 bps; 18S rDNA- 1,965 bps; 28S rDNA- 2,609 bps; Cytochrome Oxidase I- 1,414 bps;
Cytochrome Oxidase II- 642 bps; and Histone 3- 376 bps. We calculated the best model for each of
the seven loci using the Akaike Information Criterion (AIC) implemented in ModelTest 3.06 PPC
(Posada & Crandall, 1998) using PAUP 4.0b10 (Swofford, 2002).
Using TREEFINDER (Jobb, 2006), we performed partitioned likelihood analysis on the entire
data set. We specified separate models for each partition based on results from ModelTest 3.06
PPC, although model parameters for each partition’s model were estimated by TREEFINDER
during analysis. Four identical TREEFINDER runs of 5000 replicates, ensured finding the best tree
across independent analyses. TREEFINDER calculated support with partitioned bootstrap analysis
(500 replicates). Partitioned Bayesian methods coupled with Markov chain Monte Carlo (BMCMC)
were implemented in the program MrBayes v3.04b (Ronquist & Huelsenbeck, 2003). We employed
six parameter models for each of the seven partitions. Four independent analyses using four chains
(3 cold and 1 hot) for 10 million generations ran in parallel on the Brigham Young University
BioAg Computational Cluster. Generations prior to a stable result were discarded as burn-in. The
final posterior probability tree was a 50% majority rule consensus tree (Huelsenbeck & Imennov,
2002; Huelsenbeck et al., 2002).
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For 10 genera, sequences were downloaded from two examples that had been collected in
different locations at different times. The two members of the pair mapped together on the tree (nine
cases) or into immediate sister clades whose separation was only weakly supported (one case).
We calculated divergence times for the most likely tree using the program r8s ver.1.70
(Sanderson, 2004) for the most likely tree recovered in TREEFINDER. Age constraints placed on
nodes within the ingroup were based on fossil Mantodea presented by Nel & Roy (1996) and
Grimaldi (2003). Fossils referable to extant Mantodea were Choeradodinae: Prochaeradodis
enigmaticus (shale, 60 Mya); Mantoididae: Mantoida sp. (amber, 20 Mya). Additionally, we placed
minimum and maximum age constraints on Blattodea following the timeline of Vrsansk (2002),
which postulates that the ancestor to the outgroup taxa (Blaberidae and Blattellidae) originated at
the end of the Jurassic. Further, the first fossil Blaberidae was dated at the beginning of the Eocene,
which constrains our root to a maximum age 135 Mya and the minimum age 53 Mya.
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RESULTS
Anatomical patterns
Descriptions
We took as a starting reference the structure of the ultrasound-sensitive ear described by
Yager & Hoy (1987) and Yager (2005). The primary structures and nomenclature are shown in Fig.
1 and described below. The museum specimens, ventral metathoracic anatomy revealed several
clear categories, most with one or more variants. The variants primarily differed in relative sizes of
the components, rather than their organization.
The DK form
This is the ultrasound-sensitive ear. ‘DK’ denotes a deep groove and prominent knobs that are
obvious to even casual inspection of the region between the metathoracic legs (Figs. 1, 2A). The ear
proper comprises an auditory chamber demarcated at its anterior end by two, well-defined, thick
cuticular knobs. The rostral border of the knob approximately forms a right angle with the long axis
of the thorax. Viewed from the outside, two lateral walls of the chamber almost touch for the rostral
third of their length and then progressively diverge so that at the posterior end of the auditory
chamber the walls are often widely separated. The anterior opening to the auditory chamber is
underneath (dorsal to) the knobs, small, and often almost circular in shape. The floor of the auditory
chamber is primarily the furcasternum. The two furcal pits (origins of two internal muscle
attachment structures) lie deep within the chamber near its caudal end and are not visible from the
outside.
The lateral walls of the auditory chamber face medially and incorporate three distinctive
structures. A prominent ridge of cuticle (the ventral rod; VR) runs in a rostral-caudal direction
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roughly in the middle of the wall. Dorsal to it is a broad, flat depression with a teardrop shape
(tympanal depression; TD). This is the tympanum. Its dorsal edge merges with the furcasternum.
Rostral to the ends of the ventral rod and the tympanum, and within the curve formed by the knobs,
is a conical sensory structure, the bifid sensillum (BS) situated in an ca. 50 µm diameter circle of
thin cuticle. These sensilla were difficult to see in many dried specimens. In living and alcohol
preserved specimens, all of 74 DK species (male and female treated separately) had large bifid
sensilla.
The basic DK form is consistent across taxa, but there are several minor variations. For
instance, knob shape and size are variable, although the knob angle is always close to 90°. Because
ear length does not scale allometrically with body length (Yager, unpubl. data), there can be an
apparent variability in overall ear size: large, elongated mantids appear to have tiny ears, and
smaller, chunky animals can have ears >50% the length of the metathorax. However, animals in the
tribe Rivetinini as well as genera like Compsothespis and Euchomena do have elongated ears in
which the overall shape of the auditory chamber (length relative to width) is changed. There are also
a few genera of small mantids with the reverse change, i.e., ‘stubby’ ears. It is characteristic of some
Amorphoscelidae, Iridopteryginae, and Caliridinae that the areas over the tympanal tracheal sacs
bulge and look like big, semi-transparent bubbles; the knobs appear sunken in contrast. One variant
is especially interesting for its potential acoustic significance. In all DK mantids, the medial
metathoracic coxae are shaped so that the caudal end of the ear is exposed. In a few genera of large
mantids (for example, Calamothespis, Aethalochroa, Xenomantis, and Epitenodera), the space
between medial coxae is enlarged, deep, and circular, so that when the legs are together, there is a
horn-like space with the caudal opening of the ear at its narrow end.
The DNK form
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The DNK (deep groove, no knobs) has the same overall layout as the DK type, but is less
defined (Fig. 2B). The auditory chamber is present, but the walls are separated so there is a clear
gap between them at the rostral end. There is also a lateral rotation of the ventral edges of the walls.
The knobs are small and poorly defined, with a knob angle much shallower than 90°. The ventral
rod is prominent and oriented as in the DK form. The tympanal depression is flat, but obviously
narrowed. In live and alcohol preserved specimens, the bifid sensilla were large in 6 cases, reduced
in 8 cases, and absent in 9 cases. The chamber walls are largely rostral to the furcal pits.
The DNK form varies by degree among genera. In some genera, the anatomy is almost DK
(although the neurophysiology shows significantly elevated thresholds), whereas in others it is
almost DO (below).
The DO form
In this form, the knobs are barely visible or absent (Fig. 2C). The acoustic chamber is opened
up by wall separation and lateral rotation. The walls face more ventrally than medially. Bifid
sensilla are absent. The ventral rod remains prominent and oriented predominantly rostrocaudally,
but the tympanal depression is a very narrow space, almost a slit, beneath the rod. Most of the
ventral rod and tympanal depression are rostral to the furcal pits.
In its mildest form, this configuration is essentially and extreme DNK. In the most extreme
form, there is no auditory chamber at all, and the walls face ventrally.
The MSMT form
Although the same components are present, the MSMT form (mesothoracic and metathoracic
segments similar) differs radically and qualitatively from the other types (Figs. 2D,E). The only
possible similarity would be with the few most extreme DO cases.
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In the MSMT form there is no auditory chamber. A version of the ventral rod is present, but
oriented dorsoventrally, rather than rostrocaudally. It has a slit-like space beneath its medial edge
that corresponds to the tympanal depression. The ventral end of the rod does not attach to hard
cuticle, but is surrounded by a patch of membraneous cuticle often overhung by the ventral body
wall. The region around the rod (the wall) is narrow and faces predominantly posteriorly. In many
cases, there is a large, deep groove present with the furcal pits at the bottom and a wide opening
ventrally—essentially a false auditory chamber. The groove is most often longitudinal, but can be
oval or even circular. However, it is situated entirely rostral to the walls and the furcal pits are in its
floor. Thus, the walls, rods, and depressions are always caudal to the furcal pits. The region of the
bifid sensilla is relatively easy to see in MSMT forms, but the sensilla were absent in all cases,
including 12 live and alcohol preserved species. In several MSMT genera (but not in other forms),
there are socketed hairs along the medial edge of the walls, and in the false auditory chamber. These
mechanosensory structures were not organized in any pattern as they are in cockroaches (Yager,
2005).
Variants of the MSMT form can look quite different from one another at first glance. In the
classic MSMT form found in Chaeteesa, Mantoida, Metallyticus, and the Thespidae, the entire ‘ear’
region is very small. However, in the aconthopids, the walls are broad and flat, they face straight
back toward the abdomen, and can be partially fused in the midline, which creates a large, open pit
on the rostral side. In some liturgusids like Liturgusa and Hagiomantis and some angelids like
Angela and Thespoides, the walls are very small and shifted rostrally, but are nonetheless caudal to
the furcal pits. The Photininae have typical MSMT characteristics, but in some genera, there is a
ventral tilt to the wall that creates a resemblance to the DO configuration.
The Eremiaphilidae are not like any other group, although they have the general
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characteristics of the MSMT form. The walls are broad, face backward, and are far from the
midline, so they appear completely dissociated from the furcal region.
Occurrence
As shown in Table 3, the prevalence of the various anatomical forms in the suborder
Mantodea varies considerably and differs between the sexes. Strong sexual dimorphism is present in
ca. 34% of mantis genera, and Yager (1990) established that the dimorphism extends to the auditory
system. Therefore, we have treated males and females separately for this analysis, operationally as
different ‘genera.’ Because there were a number of cases in which specimens of only one sex were
available for a genus, the sample size is less than twice the number of genera of the anatomical (552
instead of 688) and physiological (84 instead of 108) data sets (Table 1).
In sexual dimorphism of the ventral metathorax, it was the male in every case that had the DK
ear. A corollary is that there were no cases in which a female was DK and the male was not. Taking
into account 17 cases in the data set for which information was only available for females and the
females had DK ears, this means that 79.2% of mantis genera have at least one sex with a DK ear.
The MSMT form, never associated with sexual dimorphism of the ventral metathorax, accounts for
all other genera except the seven (of 344) in which both males and females have DNK or DO
anatomy.
We compared the occurrence of types of ventral metathorax anatomy with wing length (Table
4; again treating males and females separately), and found a strong relationship. In the majority of
cases, mantids that can fly (FW + MBF) have either the DK (80.5%) or the MSMT (15.7%) forms.
Animals with strongly reduced wings (SB + A) rarely have a DK ear (2.2%). The overall pattern is
that the shorter the wings, the lower the probability of a DK ear and the higher the incidence of the
DNK and DO forms. The MSMT form, however, is not associated with a particular wing length.
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Physiological patterns
Overall description
The ca. 700 physiological experiments on 76 species of mantids evaluated the firing
characteristics of ascending auditory interneurons, sensitivity to acoustic stimuli, and the frequency
tuning. The results show a high degree of uniformity within each anatomical form, and large
differences among forms. The physiological results also uncovered two auditory system types not
evident from anatomical examination alone.
Ascending auditory interneuron activity
The neurophysiological recordings from the prothoracic-mesothoracic connectives
consistently show action potentials (APs, spikes) from two auditory interneurons (Fig. 3). One
neuron with large spikes in the extracellular record fires in a very distinctive phasic-tonic pattern: an
initial burst of 2-8 spikes with instantaneous rates of 500-800/s; a pause in firing that lasts 5-15 ms;
resumption of firing, but at lower rates (100-200/s) in an irregular tonic pattern. Minimum latencies
were typically 8-13 ms. This firing pattern occurred in every DK species and in DNK animals with
thresholds low enough for testing.
A second auditory neuron, encountered in most, if not all, DK species, has small action
potentials fired in a strictly tonic pattern. This neuron typically has 3-5 dB lower thresholds than the
phasic-tonic unit. In some species spikes of this neuron were barely detectable, and in others
(hymenopodids, in particular) they were up to half the height of the phasic-tonic neuron’s spikes,
which suggests that the axon diameter varies among species.
The extracellular records from the low-frequency mesothoracic ear (see below) also uniformly
show two units, one with very large spikes plus a tonic unit with small spikes.
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Auditory sensitivity and tuning
In contrast to the consistency of the auditory interneurons and their firing patterns, the tuning
and sensitivity of the auditory system falls into several categories, four of which correspond to
anatomical forms (tuning curves; Fig. 4, Table 5).
Patterns with anatomical counterparts
For the ‘standard’ DK ear, the audiograms are V-shaped with best sensitivity at frequencies
between 25 kHz and 50 kHz. The lowest best frequency we encountered was 18 kHz. The most
sensitive animal in the study was a female Sphodromantis lineola with a threshold of 12 dB SPL at
30 kHz. Considering mean thresholds for DK species (excluding HiC species described below),
24% were <50 dB SPL, 57% were 50-59 dB SPL, 16% were 60-69 dB SPL, and 3% were ≥ 70 dB
SPL.
The DNK, DO, and MSMT forms have reduced or absent hearing (Table 5). No MSMT
mantis showed any response to any frequency at any stimulus intensity tested. For DO species, 70%
had mean thresholds >95 dB SPL, and the cases with lower thresholds (≥79 dB SPL) corresponded
with less pronounced DO anatomy. Only 29% of DNK species had mean thresholds above 95 dB
SPL, but no mean thresholds were <70 dB SPL. Lower thresholds tended to go with less difference
from the DK form.
Patterns without obvious anatomical counterparts
Some mantids have sensitive tympanate hearing at frequencies of 2-5 kHz in addition to their
ultrasound sensitivity. Their tuning curves are W-shaped rather than V-shaped, with a region of
relative insensitivity around 10 kHz (Fig. 4, MESO). In the low frequency range, the most sensitive
individual, a Hestiasula brunneriana female, had a threshold of 22 dB SPL at 2 kHz.
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Yager (1996a) demonstrated that the low frequency sensitivity of these species originates in
the ventral midline of the mesothorax, hence the designation MESO ear (Fig. 2F). Even in living
animals, however, we have not been able to determine from anatomy alone whether or not a MESO
ear is present. Thus, we know little about the true occurrence and distribution of the MESO ear. The
physiological data suggest that it is widespread among hymenopodids (eight of the 13 cases), with a
scattered occurrence elsewhere including the Orthoderinae, Paramantinae, the Deroplatyinae, and
the Tarachodidae. The last two taxa are especially interesting because the females have DNK
anatomy with ultrasound thresholds >85 dB SPL. The mesothoracic ear is ≥20 dB more sensitive, so
these species have a V-shaped tuning curve, but centered at low frequencies.
Some genera had appreciable auditory sensitivity at 2-4 kHz without W-shaped tuning curves.
If the lowest thresholds at 25-50 kHz are <45-50 dB SPL, a normally shaped tuning curve had
thresholds of 60-70 dB in the low-frequency range.
A second pattern only detectable physiologically (and behaviorally; Triblehorn & Yager,
2001) involves best frequencies of 60-130 kHz, unusually broad tuning curves, and generally higher
thresholds than those of normally tuned mantids (Table 5). We use the designation HiC (high
cyclops) for this pattern. The mean tuning curve shown in Fig. 4 is from Miomantis paykullii, the
species with both the lowest mean threshold (53 dB SPL) and the highest best frequency (130 kHz).
Three of the 11 HiC species in the data set have best frequencies ≥ 100 kHz. The breadth of the
tuning curves arises primarily from a secondary sensitivity region in the 25-45 kHz range.
As with the MESO ear, the HiC pattern may be much more prevalent that our data indicate.
There is no obvious taxonomic distribution. The nine genera (Ameles, Empusa, Euchomenella,
Hymenopus, Miomantis, Pseudempusa, Stagmomantis, Taumantis, and Tropidomantis) come from
three families and six subfamilies. Stagmomantis centralis fits least well with the other HiC species.
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It is the only New World representative, its mean threshold is 10 dB higher than the next least
sensitive species, and several other species in the genus have conventional DK hearing.
Behavioral patterns
The results of behavioral testing of 30 species revealed three patterns. The data come
predominantly from males. Females of many species were reluctant fliers or had reduced hearing.
The behavior only occured when the mantis is stimulated during flight.
By far, the most common pattern (18 species) four components: prothoracic leg extension,
head roll, wing beat changes (wing ‘hitch’), and abdomen dorsiflexion. Ultrasound caused no flight
cessation. For Parasphendale affinis (other species were comparable) the mean latencies were 72,
87, 92, and 137 ms, respectively, and the response was fully developed within 200-250 ms poststimulus. Habituation was strong and rapid for most species. The greatest variation among species
was in the relative robustness of the four components. For instance, Hierodula grandis used only
weak, sporadic head rolls. Animals with broad or plump abdomens produced small abdominal
dorsiflexions, presumably for purely mechanical reasons. The prothoracic leg extension and the
wing hitch were the least variable components.
Species in the HiC physiological group displayed a different behavioral pattern. First, these
were the only species that consistently included flight cessation in their responses. Second, the
behavior of individuals was unpredictably variable. These mantids seemed to combine the five
components in a random fashion so that, for instance, response #1 might be arms and abdomen, #2
cessation, #3 head, arms and wings, #4 abdomen and wings. The combination of the four usual
components occurred in less than a third of the responses. Flight cessation, alone or in combination
with other components, occurred in about a quarter of the trials.
The third pattern occurred in only two species. Mantis religiosa and Tenodera aridifolia
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sinensis have never responded behaviorally to ultrasound despite normal DK anatomy and sensitive
ultrasonic hearing. We tried animals collected from different locations in the United States and in
different years, as well as tests with different stimulus parameters and at different times of day, all
with negative results. These two species are not native to the United States, so we obtained eggs
from within their natural ranges, Germany for M. religiosa and Japan for T. a. sinensis. The adults
of both species reared from those eggs had normal hearing, but none responded to ultrasound. In
contrast, we recently tested T. superstitiosa from South Africa, which did respond with a normal
four-component behavior.
Despite testing in a variety of behavioral contexts with many different stimulus types, we have
as yet found no behavioral counterpart to the low-frequency hearing of the MESO ear.
Phylogeny of the anatomical types
To assess the evolutionary relationships among the patterns of ventral metathoracic anatomy,
we generated auditory phylogenetic trees for male and female mantids. We chose 13 characters for
the final analysis based on degree of variation and independence from other characters. A priori
character weighting was necessary for resolution in the consensus trees for both sexes. The
weighting was determined by the strong correlation of some anatomical characters with
neurophysiological distinctions, e.g., presence of knobs with low auditory thresholds.
The final data sets for males and females comprised 197 and 175 genera, respectively. The
outgroups were cockroaches: Periplaneta americana, Gyna lurida, Blaptica dubia, and Panchlora
nivea. We also included second instar nymphs of the DK-eared mantis, Sphodromantis aurea.
Character descriptions
The character descriptions below can be referenced to Figs. 1 and 2 and the morphological
descriptions above. Ordered character states are listed from the hypothesized plesiomorphic to
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apomorphic.
Groove
The groove is the invagination between the metathoracic coxae at the caudal end of the ventral
metathorax. In DK mantids, it comprises the auditory chamber and its external opening.

1: Groove: absent (0) or present (1); unordered; weight=1
2: Groove length relative to metathorax – <0.25 (1), 0.25-0.5 (2), or >0.5 (3); unordered;
weight=1
3: Groove shape – circular (1), slightly rounded (2), or straight (3); unordered; weight=1
4: Groove depth – deep (1) or shallow (2); unordered; weight=1
Knobs
When present, we measured the angle formed between the anterior edges of the knobs and the
longitudinal body axis.
5: Knobs: absent (0) or present (1); ordered; weight=5
6: Knob angle – <60° (1), 60-90° (2), or ≥90° (3); ordered; weight=3
Walls
These are a bilaterally symmetrical pair of flat areas between the coxae that contain the
tympanal depression. Walls are always present.
7: Wall – outside (0) or inside groove (1); unordered; weight=5
8: Wall orientation – strong caudal component (0), medial (1), ventromedial (2), or ventral (3);
ordered; weight=5
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9: Wall separation – wide (1), narrow (2), or almost none (3); ordered; weight=3
Bifid sensilla
10: Sensillum: absent (0) or present (1); ordered; weight=5
Tympanal depressions
Always present, these are straight depressions of varying width located in the walls near the
midline. They are the tympana in the DK ear.
11: TD shape – slit-like (0), groove-like (1), narrow with flat floor (2), or wide with flat floor
(3); unordered; weight=5
12: TD orientation – predominantly dorsal-ventral (0), rostral-caudal with dorsal-ventral tilt
(1), or rostral-caudal (2); ordered; weight=3
13: TD location – caudal to furcal pits (0), at least partly rostral to furcal pits (1); ordered;
weight=5
Evolutionary patterns
Parsimony analysis of the 13 weighted male morphology characters resulted in 34 trees of
equal length (tree length=221; CI=0.56; RI=0.98). For females, there were 74 trees of equal length
(tree length=398; CI=0.46; RI=0.98). We calculated a strict consensus tree for each sex (Fig. 5).
There are many resolved nodes, but relatively low discrimination among lineages, probably because
of the relatively low number of characters relative to the number of genera.
The overall tree topologies for both males and females are similar (Fig. 5). They show three
basic metathoracic configurations: 1) the MSMT forms (as defined in Table 2) make up the base of
the trees. The outgroups and the second instar nymphs cluster together in the most basal lineage in
each case; 2) the combination of characters that defines the DK morphological form clearly evolved
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just once, and after that divergence, there is a single, huge, relatively uniform clade. The analysis
largely did not resolve differences between the DK and DNK, but the genera with DNK females are
all at the distal end of the tree. The two MSMT genera in the female DK clade (a liturgusid from
Madagascar and a Photininae from Brazil) had anatomy that strongly resembled the DO form in
some respects; 3) there is combination of characters intermediate between the most basal and most
distal groups that most closely corresponds to the DO metathorax. However, some previously
defined DO genera cluster in the MSMT groups, and others, in the female tree, cluster with DK
genera. This suggests that the DO form as defined by the morphology is not ‘monophyletic’ and
makes it impossible to consider the entire type basal or derived.
Both trees reflect the same general sequence of character transitions leading to the DK ear.
Earliest is the infolding of the walls to form the groove, the precursor to the auditory chamber
(Characters 1-4). The tympanal depressions (and the walls in males) then rotate rostrally, which puts
them at least partly in front of the furcal pits (12 and 13). Finally, the knobs (5 and 6) and bifid
sensilla (10) make their appearance. Broadening of the TD to form the tympanum is part of the last
step in males.
Ear phylogeny and Mantodean phylogeny
Phylogenetic tree
The Mantodea phylogenetic tree derived from analysis of the seven genes is shown in Fig. 6.
The General Time Reversible-plus-Gamma-plus-Invariable model (GTR+Γ+I) was the best fit
for the seven gene loci, although 16S rDNA, 12S rDNA, and Cytochrome Oxidase II required
restricted versions. Partitioned phylogenetic reconstruction using TREEFINDER and the seven
GTR+Γ+I models yielded a single tree with a likelihood score of -190880.89 (Figure 6).
Nonparametric bootstrap values demonstrate good support for most of the higher clades, but less for
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the majority of deeper nodes (Fig. 6), which is consistent with previous studies (Svenson and
Whiting, 2004). The node at which the metathoracic ear appeared maintained moderate bootstrap
support (75%), which indicates a true separation of mantises with functional ears from mantises
with primitive metathoracic morphology.
Partitioned Bayesian analysis gave a topology that was largely congruent with the partitioned
likelihood tree. We considered only generations after the 1,000,000th in the four independent
Bayesian runs. The compiled majority rule consensus tree demonstrated high posterior probabilities
for most of the nodes recovered by partitioned likelihood analysis (Figure 6). A total of 88 out of
154 nodes showed a posterior probability greater than 0.70. As in the nonparametric bootstrap
analyses, high posterior probabilities (70% or above) were primarily clustered in higher clades, and
deeper level nodes were not recovered in the Bayesian consensus tree.
Metathoracic anatomy and phylogeny
Superimposing anatomical types onto the phylogenetic tree for the suborder (Fig. 6) revealed
several clear patterns of correspondence. We used the anatomical type of the females of each genus,
which is the only way to map the occurrence of all the anatomical types because of dimorphism (see
above). The anatomical types as defined by the phylogenetic analysis (Fig.5) are essentially
congruent with those defined by morphology alone, with the exception of the DO form (above). In
one analysis, we reclassified the DO forms at the base of the tree in Fig. 5 as MSMT variants. A
second analysis, shown in Fig. 6, defined the DO form by morphology alone.
The MSMT form, exclusive of reclassified DO genera, clusters with the genera at the base of
the tree (Fig. 6A). There are five clades within this overall group. Mantoida and the Thespidae all
have the classic MSMT form. The genus Angela and the clade containing the Photininae, the
Acontistinae, the Acanthopidae, and two genera from the Liturgusidae all have MSMT subtypes.
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Although the Southeast Asian genus Metallyticus has metathoracic anatomy similar to Mantoida, it
is set apart from the other MSMT groups. This fits with the biogeography, because it it the only
MSMT genus outside the New World. Two subfamilies (Liturgusinae and Angelinae) represented
by genera in the early branching MSMT clades are notable because they also contain genera located
more distally on the tree and that have DK ears. There are two exceptions to the basal
correspondence of the MSMT form, Chaeteesa and Parathespis.
The phylogeny indicates a single evolution of the DK ear, which is consistent with the
anatomical, physiological, and behavioral data. Except for a very small number of special cases, all
taxa after that point have the DK anatomy, taking into account that the DNK and DO forms are
limited to sexually dimorphic taxa where the males have DK ears.
Among the DK taxa, the DNK and DO forms (defined by morphology) occur in discrete
clades distributed widely at the distal end of the lineage. A conservative count, allowing for possible
misplacements of DK genera, yields >15 appearances of DNK/DO lineages. If the DO form were
primitive, i.e., a MSMT variant, its distribution would require, at absolute minimum, 9 independent
evolutions of the DK ear. For convenience of discussion, we have denoted four groups of taxa in
Fig. 6 that contain DNK and/or DO taxa. Group A is most diverse with a mix of DK and DNK/DO
clades. It contains the Tropidomantinae and Amorphoscelinae that share a DK subtype with large,
recessed knobs and huge bulges over the tympanal tracheal sacs. It also contains some of the
Amelinae, a subfamily highly variable in ear type based on the anatomical, physiological, and
behavioral data. The Amelinae contains four genera (out of eight in the entire data set) in which
both males and females have strongly reduced wings and are both DNK or are both DO.
Groups B and C are largely dimorphic in ear type and wing length with the exception of the
Toxoderidae. Based on its position embedded in Group B, the unique metathoracic morphology of
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Eremiaphila appears to be derived rather than a variant of the MSMT form. The Hoplocoryphinae
in Group C are far from the rest of the Thespidae and also have an unusual ventral metathoracic
anatomy that is clearly not MSMT, but may be an extreme variation of the DO form. Neither
Eremiaphila nor the Hoplocoryphinae are sexually dimorphic for metathoracic anatomy.
Whereas the middle third of the tree is dominated by dimorphic taxa, the distal third is solidly
DK with only occasional, isolated clades of dimorphic genera (Group D, for instance). Even in
those, the auditory dimorphism tends to be mild, and the DO form is uncommon. The occurrence of
the single, isolated DNK/DO genera reflect incomplete sampling in most cases, e.g., all
Epaphroditinae in the larger anatomical data set are DNK like Phyllocrania; all the Stagmomantinae
are DNK or DO;
Dates
Computation of divergence dates for the most important nodes of the molecular tree (Fig. 6)
yielded 88.5 mya for the lineage in which the DK ear evolved. Therefore, the ear evolved sometime
between 88.5 and 86.5 mya, the date of the next youngest node on the tree. The divergence of
mantids from the cockroach and termite outgroups occurred at the beginning of the Cretaceous, ca.
135 mya.

DISCUSSION
Summary
This paper combines large anatomical, neurophysiological, and behavioral databases to
identify a primitively earless form of metathoracic anatomy (MSMT) found in several extant mantis
taxa, and to define five different mantis auditory system types. Three of these systems can be
identified anatomically, one can so far be detected only by neurophysiology, and the fifth has
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distinctive neurophysiological and behavioral, but not anatomical characteristics. By superimposing
the results of these studies onto a phylogenetic tree derived from molecular data, we have shown
that the cyclopean mantis ear (DK) evolved once 85-90 mya, and all the other auditory system types
are either varying degrees of loss associated with wing reduction (DNK and DO), or are much more
recent innovations that occurred independently multiple times (MESO and HiC). The mutually
reinforcing combination of anatomical, behavioral, and neurophysiological data with the molecular
phylogeny provides an extensive picture of praying mantis auditory system evolutionary patterns.
Matching anatomical and molecular phylogenies
The attempt to make sense of the metathoracic morphological types using cladistic techniques
met with moderate success (Fig. 5). This analysis validated MSMT as the basal form and confirmed
a single appearance of the DK ear. It also revealed a clear sequence of transitions (infolding,
rotation, knobs/bifid sensilla) that has two counterparts. First, it matches the ontogenetic sequence
of ear formation (Yager, 1996b) in which a gradual infolding and rotation of the TD and walls takes
place over the last half of nymphal development. Second, the sequence matches the evolutionary
transition hypothesized from a study of the homologous components in cockroaches (Yager, 2005).
Even using ordered and weighted characters, the analysis left the relationship between the
similar DK and DNK forms unresolved. The DO form, grouped entirely basal to the DK ear in
males and scattered throughout the female tree (Fig. 5). However, it is limited to sexually dimorphic
taxa, and that the males in those genera have DK ears. Thus, all the DO forms are extreme
secondary losses. The morphological phylogenetic analysis probably recognized two or three DO
subtypes corresponding to extreme, typical, and mild DO. The character deciding the position
before or after the DK divergence in females was the presence of at least rudimentary knobs.
Superimposing their metathoracic anatomy onto genera in the molecular tree (Fig. 6) shows a
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remarkable congruence between two entirely different, independently collected data sets. The match
is not only in larger groupings, but even extends to small, but well-defined clades of DNK/DO
genera. Prior to this study, the Photininae, Acanthopidae, and some representatives of the
Liturgusidae and Angelinae posed a serious problem to any phylogenetic interpretation of the
metathoracic morphology data. These groups are widely dispersed among ‘higher’ mantids in the
taxonomic schemes (Beier, 1968; Ehrmann & Roy, 2002), yet all have metathoracic anatomy
closest to Mantoida, cockroaches, and nymphal mantids. By uniting these groups in a clade at the
base of the tree, the molecular analysis resolves the puzzle. There is additional biogeographic
support (Beier, 1968; Svenson & Whiting, 2006) for the unity of this ‘auditory’ group, especially
for the Angelinae and Liturgusinae in which the MSMT members of the subfamilies—all New
World—fall in the Photininae/Acanthopidae clade, but the DK members—all Old World—appear
much further distally on the tree. Conversely, the metathoracic morphology data support the
unexpected grouping of these apparently disparate taxa by the molecular analysis. In short, the
congruence of the anatomical and molecular results provides strong mutual validation for the two
analyses.
The MSMT form occurs twice on the distal portion of the tree. The case of Parathespis
cannot be explained by misidentification and deserves a close re-evaluation both in terms of its
taxonomic position and its metathoracic anatomy. The Chaeteesidae have classic MSMT
metathoracic anatomy, which is glaringly out of place amidst an eared clade (albeit with DNK/DO
genera). All previous investigations into the taxonomic and evolutionary relationships of extant
Mantodea considered the Chaeteessidae one of the most basal taxa based on several compelling
morphological characters (Grimaldi, 2003; Klass, 1997). The only tissue available for the genetic
analysis was alcohol-preserved muscle >10 years old, so the aberrant placement most likely resulted
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from incomplete and/or degenerate DNA sequences. Its true position is almost certainly near
Mantoida at the base of the tree.
Primitive ‘ears’
Mantids with the MSMT anatomical pattern do not have high-frequency hearing, and the
position of these taxa on the ear phylogenies and the molecular tree establishes that their earlessness
is primitive and not secondary loss. The ontogeny fits, as well, with the second instar nymph
metathorax clustering among the MSMT genera. The MSMT anatomy is similar, but not identical to
both the second instar nymph metathorax and the homologous region in cockroaches (Yager, 2005).
In cockroaches, however, the region has many sensory structures including fields of socketed hairs,
a chordotonal organ, and a proprioceptive complex comprising ranks of socketed hairs, thinned
cuticle, and a tensioning muscle. This is consistent with findings that in every case so far studied,
the primitive function for auditory organ precursors is some type of proprioception (Meier &
Reichert, 1990; Yack & Fullard, 1990; Lakes-Harlan et al., 1999; Yack 2004). In DK-eared
mantids, only the chordotonal organ and thinned cuticle remain (the origin of the bifid sensilla is
unknown). This suggests that a cost of movement away from the cockroach anatomy is loss of
proprioceptive sensory feedback from that area.
The fossil mantis Santanmantis axelrodi from the Santana formation of Brazil, dated to the
early Cretaceous (120 mya), has features of the ventral metathorax even more similar to those of
Periplaneta americana (Yager, unpubl. data). A broad wall is present lateral to the furcasternum,
and the impression of what may be the lateral ventropleurite, the putative precursor to the ventral
rod (Yager, 2005), is visible in the fossil.
The genus Eremiaphila, has often been considered among the more primitive mantis groups
based partly on its almost square pronotum (Beier, 1968; Grimaldi, 2003). Its distinctive
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metathoracic anatomy and its position on the molecular tree argue against this. It is interesting that
what appears to be a very extreme secondary loss of the ear resulted in a metathoracic anatomy
different from both the MSMT and DO forms, although more akin to the primitive state.
Eremiaphila’s thoracic anatomy undoubtedly reflects an overall body morphology specialized for a
highly cursorial lifestyle in its North African and Middle Eastern desert habitats. Its locomotor style
is unlike most other mantids, but not so different from the running of cockroaches such as
Periplaneta.
Lost ears
The superposition of anatomical forms on the phylogenetic tree confirms that the DNK and
DO anatomies are secondary losses of the DK ear, the only reasonable conclusion because males in
the same genera have DK ears. Both anatomical and physiological data indicate a graded change,
DK to extreme DO, yielding a continuum of ear reduction and hearing loss. Even mild DNK-ness
results in elevated thresholds (>70 dB SPL), distinguishing it from the DK ear. Although extreme
DO and typical MSMT anatomies (as in the Thespidae, for instance) are unmistakably different,
some DO genera clustered with MSMT genera in the morphology tree (Fig. 5). These probably
reflected the somewhat less clear distinction between extreme DO and the MSMT variant
exemplified by the Photininae. Maybe the photininine metathorax presages the DK ear and
converges in form with strong reduction from that same anatomical state.
The middle third of the phylogenetic tree is distinctive for its high density of DNK/DO taxa,
which points to a high incidence of sexual dimorphism with flight loss in females. Under
appropriate ecological conditions, sacrifice of flight/wings for increased fecundity is advantageous
(Roff et al., 1999). Thus, the high DNK/DO incidence undoubtedly reflects patterns of Mantodean
evolution rather than auditory evolution per se.
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Secondary loss of some auditory capabilities or ears entirely is not unusual and has been well
documented in locusts (Mason, 1968), crickets (Otte, 1990), and moths (many studies discussed in:
Fullard, 1998; Muma & Fullard, 2004). It is also a common feature of all these groups that the
auditory reductions have occurred independently many times. As in mantids, these changes are most
frequently linked to loss of flight ability, usually accompanied by reduced wings. On the behavioral
side, the link between flight and ultrasonic hearing is predation pressure from bats. Flightlessness
removes the predation risk, therefore ultrasonic hearing confers no advantage and is reduced or lost
altogether. The exceptions occur when hearing is used for intraspecific communication as well as
predator avoidance, as in some moths (Connor, 1999) and in crickets (Otte, 1990).
New ears
When first documented (Yager, 1996a), it appeared that the MESO ear was limited to two
subfamilies of the Hymenopodidae. Its actual distribution in several unrelated lineages raises two
points. First, the transformation from earless to eared in the mesothorax must follow a simple path.
Given the conservative nature of nervous systems (Dumont & Robertson, 1986; Edwards & Palka,
1991; Paul, 1991; Tierney, 1995), the key changes are most likely biomechanical, such as
broadening of thinned cuticular areas and apposition of enlarged tracheal sacs to that cuticle. As
graphically demonstrated in the pneumorid grasshoppers (van Staaden & Römer, 1998; van Staaden
et al., 2003), serially homologous regions can have a shared potential for transformation to an
auditory organ. Although independently evolved, such segmental ears are actually the same in an
evolutionary-developmental sense (Raff, 1996; Yager, 1999). By similar arguments, we expect to
find serially homologous interneurons subserving auditory function in the mesothorax (Prier &
Boyan, 2000). Second, there must be some compelling selective advantage to the low frequency
hearing that the MESO taxa share, even though there is no obvious commonality of size, lifestyle,
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dimorphism, or habitat. However, so little in known about the
natural history of most mantids, that the most profitable next step to understanding MESO ear
evolution may be intensive field studies.
The modifications producing the broad tuning curves of HiC mantids, with their sensitivity to
very high frequencies, are also most likely to be bioacoustic. The concurrent behavioral differences,
however, make it clear that the entire auditory system, from input to output, has evolved new
patterns. Because the HiC evasive behavior uses the same components as that in DK mantids, the
CNS circuitry changes need not be elaborate, e.g. changes in relative synaptic strengths, decoupling
of behavioral modules through inhibition or desynchronization. It would be especially interesting to
know the circuit design that generates the random behavioral component combinations.
Unpredictable behavior can be a powerful escape strategy (‘evitability’ in the sense of Roeder
(1971)) and is the basis for the success in bat evasion of the erratic flight of noctuid moths, the wing
flicks of green lacewings (Miller & Olesen, 1979), and the non-directional dives of DK-eared
mantids (Triblehorn, 2003). The ‘mix ‘n match’ component use by HiC mantids adds another level
of complexity.
The distribution of HiC hearing follows the same type of patchy, inscrutable distribution as
the MESO ear. There is even one case, Hymenopus, in which both innovations occur. A plausible
explanation is that the HiC mantids are especially vulnerable to rhinolophid, hipposiderid, and/or
other bats that use echolocation frequencies >60 kHz (Fenton et al., 1998; Fullard, 1998). Cumming
(1996) showed in a field study that one HiC species, Miomantis natalica, successfully evaded
capture by a rhinolophid bat echolocating at 80-85 kHz. The question remains as to why a few Old
World mantids have very high-frequency hearing and modified evasive behavior while others in the
same geographic regions do not. Again, answers will require careful fieldwork.
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Metathoracic anatomy as a taxonomic character
The anatomy of the ventral metathorax can be helpful in identifying mantis taxa at the
subfamily and sometimes genus level. The DK ear anatomy is very stable compared to the high
degrees of convergence found in many of the traditional taxonomic characters (Beier, 1968;
Ehrmann & Roy, 2002; Svenson & Whiting, 2006). The contrast between MSMT and DK forms is
most useful because the DNK or DO forms are so tightly correlated wing length, a more obvious
character. For instance, some clear examples support changes of Beier’s 1968 taxonomic scheme
that were proposed by Roy (1999) and by Ehrmann & Roy (2002):
• the Thespinae of Beier (all MSMT) do not belong within the Mantidae (predominantly DK) and
have been elevated to family status
• Beier placed Stenophylla in the Toxoderinae (all DK) and Callibia in the Hymenopodinae (all
DK), but both have the same MSMT subtype and now have a better home among the MSMT
Acanthopidae
• the Epaphroditini was a mix of MSMT and DK forms and the former are now with the MSMT
Acanthopidae
On the other hand, the metathoracic anatomy suggests several further opportunities for
revision including:
• none of the Old World Thespidae have the MSMT anatomy typical of the New World genera
(Sinomiopteryx is DK; the Hoplocoryphinae are apparently an extreme DO; the Haaniinae are
DK; see above for Parathespis)
• the genus Angela (MSMT; Neotropics) differs from all other Angelinae (DK; Old World)
• the family Liturgusidae contains both MSMT and DK genera and is unlikely to be monophyletic
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• the Photininae with their MSMT variant don’t fit among the Mantidae (DK)
• both sexes of the genus Callimantis are fully winged with DO morphology, a very rare
combination that does not match any other Miomantini (Beier, 1968) or Stagmomantinae
(Ehrmann & Roy, 2002).
Auditory distribution
The anatomical data, with confirmation from the physiological data, show that ultrasonic
hearing is very common among mantids. Every volant male in the Old World has a DK ear, with the
exceptions of Metallyticus, the Hoplocoryphinae, Majanga, and a very few other unusual cases.
Most flying males in the New World also hear well, except animals of the basal groups and rare,
odd cases like Callimantis. The situation for females is more complex, but, basically, all non-flying
mantids of both sexes world-wide have reduced or absent hearing.
The contrast between mantis ear distributions in the Old and New Worlds is strong and
pervasive. The only unequivocal MSMT genus outside the New World is Metallyticus.
Insectivorous, echolocating bats are very common in tropics and subtropics throughout the world
(Nowak, 1991), including the habitats of the excellent flyers Mantoida, Chaeteesa, and the
Thespidae, eliminating low predation pressure as a probable explanation for the MSMT distribution.
Despite their broad and patchy distribution, we found no cases of MESO or HiC (except for the
aberrant Stagmomantis centralis) hearing in New World taxa.
Constancy and ancient functions
Although this study shows a range of morphological and physiological types associated with
mantis audition, the dominant underlying theme is constancy.
Once the DK ear appeared in the mid-Cretaceous, every genus in the lineage maintains it in
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fundamentally unchanged form. The variations such as the sunken knobs and huge lateral bulges of
the Amorphoscelinae and Iridopteryginae, are alterations of proportion, not structure. Grimaldi
(2003) points to the DK ear as a defining feature of modern mantids (Mantoidea). The situation in
the Dytrisia (most moths and butterflies), a taxon very much larger than the Mantodea, and the other
insect group for which there is broad comparative data on ears (Scoble, 1995; Minet & Surlykke,
2004) and some phylogenetic information (Hasenfuss, 1997, 2000; Yack et al., 1999), provides both
contrast and similarity. Auditory systems have evolved independently many times in the Dytrisia
with different ancillary structures, different numbers of sensory neurons, and at different locations
on the body. In some families, a few genera have ears and others do not, the Pyraloidea have two
distinct ear types, and at least two superfamilies (Geometroidea and Noctuoidea) have a consistent
basic ear anatomy throughout.
The constancy in mantis audition extends to both the physiological and behavioral realms. All
of the 91 hearing ‘species’ tested (males and females considered separately and including DNK/DO
animals with high-threshold hearing) had the same basic neural response pattern to ultrasound: a
neuron with a short-latency, phasic-tonic firing pattern and a large axon plus a neuron with a shortlatency, strictly tonic firing and a smaller axon. In Mantis religiosa and Stagmomantis carolina, the
phasic-tonic interneuron has been identified with intracellular recording (501-T3; Yager & Hoy,
1989), and it is reasonable that the homologous interneuron accounts for the equivalent responses in
other species. This is also true for the smaller, tonic unit, which is also an identified interneuron,
401-T3, in M. religiosa (Yager, unpublished observations). This uniformity has two important
implications. These two neurons and their involvement with hearing must be as ancient as the ear
itself and just as stable. An interneuron with the same anatomy as 501-T3 occurs in the cockroach
Periplaneta americana, and seems to play a role in processing vibratory information (Pollack,
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Ritzmann & Watson, 1994), which suggests that the transition in function may be relatively simple.
The evolutionary stability of mantis auditory interneurons is consistent with the highly conserved
components of the CNS in general, and of escape systems in particular (Dumont & Robertson,
1986; Edwards & Palka, 1991; Paul, 1991; Tierney, 1995). Second, the phasic-tonic firing pattern
with very high instantaneous rates in the phasic portion must play a strongly adaptive role linked to
behavior. Ultrasound-sensitive auditory interneurons in several other insects fire with a similar
pattern (Boyan & Fullard, 1986; Nolen & Hoy, 1987; Stumpner & Lakes-Harlan, 1996; Faure &
Hoy, 2000;), so an initial phasic burst is likely to be a key feature for triggering successful bat
evasion maneuvers (Nabitiyan et al., 2003; Fullard, Ratcliffe & Guignion, 2005). Strong evidence
supports this in mantids (Triblehorn & Yager, 2002, 2005). In an especially well-studied case,
Nolen and Hoy (1984) demonstrated that a firing rate of 220 spikes/s in a cricket interneuron was
both necessary and sufficient to trigger escape turning.
The same evolutionary arguments hold for the highly conserved ultrasound-triggered behavior
in mantids. In the face of strong, constant predation pressure from predators that use ultrasound, a
successful evasive behavior would persist unchanged. Modification would occur only if the most
relevant predator changed, and Fullard et al. (2004) has provided an example with moths on Tahiti,
a bat-free environment. This also seems to be the case with the HiC mantis genera that have a much
extended frequency range and modified behavior, probably in response to increased vulnerability to
bats whose calls are above the useful hearing range of most mantids (Fenton et al., 1998; Fullard,
1998; Schoeman & Jacobs, 2003). Hearing insects have a range of responses to attacking bats
(reviewed in: Hoy, Nolen & Brodfuehrer, 1989; Miller & Surlykke, 2001): directional turns (moths,
crickets, locusts), erratic flight (moths, possibly crickets), passive drops (green lacewings,
tettigoniids), ultrasonic clicking (arctiid moths, tiger beetles), and power dives (mantids, some
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moths, possibly tiger beetles). As far as is known, the specific evasive behaviors in each group are
also conserved, although very little comparative and phylogenetic information is available for most.
A downside to the constancy of mantis auditory behavior for the researcher is that it reveals nothing
of the evolution of the behavior itself. Some data support the possibility that the evasive behavior is
the same defensive display used on the ground, adapted to a different context and with a different
trigger stimulus (Yager et al., 1990; Cook et al., 2005; Yager et al., 2006).
When and why
As in several other nocturnally active insects (Connor, 1999; Hoy, 1992), ultrasound hearing
most probably evolved in mantids as a protective adaptation against predators. The appearance of
the DK ear at 85-90 mya predates the divergence of the modern families of bats by ca. 20 my (Eick
et al., 2005; Teeling et al., 2005). Beyond the possibility that our ear appearance date is too early,
there are several possible interpretations of the disparity: 1) mantis hearing originally served another
function such as intraspecific communication, possibly at low frequencies, that was lost or reduced
when the auditory system was co-opted for bat evasion; 2) mantis ultrasonic hearing was originally
an adaptation to avoid capture by predators on the ground or in trees. The ultrasound may have been
produced passively by predator movement or actively as by a number of contemporary animals
ranging from frogs to insectivores to several types of birds (Sales & Pye, 1974; Narins et al., 2004;
Pytte et al., 2004); 3) flying, echolocating predators (bats, proto-bats, or some other animal)
significantly predate the radiation of modern bats. The evidence that echolocation was present in bat
ancestors much earlier than the radiation of modern bats at 63 mya is strong, although exactly how
much earlier is unknown. Birds were present in the late Cretaceous, and some may have been
crepuscular hunters that used ultrasound as do oilbirds and grey swiftlets today (Suthers & Hector,
1982, 1985).
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The low frequency hearing of the MESO ear implies an important undiscovered function of
hearing in mantids. The lack of directionality argues against use in hunting, although the detection
of incoming prey by their wing beat sounds is a possibility. Intraspecific communication is an
appealing explanation, but there are no observations of mantids producing sounds in non-defensive
contexts. In short, this is one of many remaining puzzles about mantis hearing.
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Figure 1. Anatomy of the ultrasound-sensitive DK ear. A. Ventral thorax of the hymenopodid mantis
Pseudocreobotra ocellata showing the locations of the DK ear (lower gray oval) and the MESO ear (upper
gray oval) between the bases of the metathoracic coxae and mesothoracic coxae, respectively. B. The DK ear
of P. ocellata. The asterisk is on one of the distinctive knobs that mark the rostral end of the ear. The knob
angle is ca. 90°. The green arrows indicate the openings to the auditory chamber. The blue arrow points to
the very narrow wall separation typical of this anatomical type. The tympanal tracheal sacs create the bulges
just lateral to the groove (+). Cx: coxa. C and D. A midsagittal view of one wall of the auditory chamber in
Parasphendale agrionina. The blue color comes from a dye (Janus green) injected to enhance contrast. The
thick dashed line outlines the ventral border of the wall and the thin line indicates the inner extent of the
heavy cuticle that makes up the knob (*). The ventral rod somewhat overhangs the tympanal depression (a
true tympanum in this case).The dorsal boundary of the tympanum is vaguely defined anatomically, but can
be determined by laser vibrometry (Yager & Michelsen, 2001). The bifid sensillum is at the center of a circle
of very thin cuticle (yellow). Although the furcal pit and the structures of the chamber wall are difficult to see
in live animals, the shrinkage typical of pinned specimens make them visible in many museum specimens.

Figure 2. The anatomical forms of the mantis ventral metathorax described in the text. The star (*)
indicates the homologue of the ventral rod in each case (not visible in the DK form). The size of these
structures varies greatly among taxa, but, in general, the MSMT forms are much smaller than the others,
especially in the Oligonychinae. Two variants of the MSMT form are shown. In both, the walls face caudally
and lie entirely caudal to the furcal pits. The MESO form shown is a functional ear, but non-hearing
counterparts do not look consistently different. A. Parasphendale agrionina male (long wings). B. P.
agrionina female (brachytperous). C. Tarachodes afzelii female (strongly brachypterous). D. Mantoida sp.
female (long wings). E. Thespoides sp. male (long wings). F. Hymenopus coronatus female.
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Figure 3. Extracellular recordings of ascending auditory interneuron activity in six species of mantis.
The top, middle, and bottom rows show average, high, and low levels of activity in the post-gap (tonic)
portion of the response. Instantaneous rates in the initial bursrt are 500-800 spikes/s which accounts for the
decreasing spike heights within the burst. Stimuli were 70 ms pulses at 20 dB over threshold at the individual
mantid’s best frequency. Differences in latency are not shown. The initial, high-rate burst of 3-6 APs is
common to all, and the same neuron continues to fire throughout the response. Summation with background
neural activity causes the small variations in size and shape of APs from the same neuron. The stars indicate
spikes of the tonic unit in two species in which it is especially prominent. The arrows point to APs of
auditory neurons that fire occasionally and with long latency. In E, the vertical scale has been compressed to
show the amplitude difference between the phasic-tonic unit and one of the sporadic units. A: Statilia
maculata (Mantidae, Paramantinae); B: Hestiasula brunneriana (Hymenopodidae, Acromantinae); C: Popa
spurca (Mantidae, Vatinae); D: Blepharopsis mendica (Empusidae, Blepharodinae); E: Tarachodes afzelii
(Tarachodidae, Tarachodinae); F: Phyllocrania paradoxa (Hymenopodidae, Epaphroditinae).

Figure 4. Representative physiological audiograms for six patterns of mantis hearing. The MESO, DK,
DNK, and HiC curves are means of >6 individuals. The DNK curve is unusual because these females have
mesothoracic sensitivity, but reduced metathoracic hearing. The DO curve is from unusually sensitive
individual. DK: Sphodromantis aurea males; DNK: Tarachodes afzelii females; DO: Litaneutria minor
female; MESO: Hestiasula brunneriana females; HiC: Miomantis paykulliimales.
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Figure 5. Strict consensus phylogenies of male and female ventral metathoracic types derived from 13
anatomical characters. Female anatomical analysis resulted in 74 trees of equal length (tree length = 398; CI
= 0.46; RI = 0.98). Male anatomical analysis resulted in 34 trees of equal length (tree length = 221; CI =
0.56; RI = 0.98). The anatomical types as defined in Table 2 are color-coded: red: MSMT; blue: DK; green:
DNK; orange: DO; purple: outgroups; black: mantis nymph. The blue stars indicate the appearance of the DK
ear. To demonstrate which characters support the deep-level, resolved nodes, a selection of character state
changes are shown to the left of each node (Character: State A —> State B).

Figure 6. A partitioned likelihood phylogram of the Mantodea derived from seven genes analyzed for
158 genera (Likelihood = 190880.89). Bootstrap and posterior probabilities derived from partitioned
Bayesian analysis are mapped on well supported nodes using black stars (>70) or black circles (>70). The
scale indicates the branch lengths across the phylogram excluding the outgroups (outgroup branch lengths
were too long to include at full length). The inset in 6A shows the entire phylogram with an arrow indicating
the appearance of the DK ear. The phylogram is enlarged in 6A and 6B. Metathoracic anatomical types are
mapped onto the phylogram using a color code: Males of DNK and DO genera have DK ears. Blue circles
after the genus indicates that no females were in any of our data sets, and the female ear type is inferred from
the rest of the clade. The symbols next to some MSMT genera refer to variants described in the text. The
groupings denoted by letters A-D are discussed in the text. The dates are for the divergence of the mantis
lineage from the outgroups and for the divergence of eared from earless mantids.
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TABLES

Table 1. Taxonomic coverage of the various data sets used in this study compared to the scheme of
Ehrmann and Roy (2002).

Table 2. Summary of the most important distinguishing characteristics of the four anatomically
distinguishable metathoracic forms. See the text and Fig. 1 for detailed descriptions of the characters.
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Table 3. Occurrence of the various morphological types in the anatomical and physiological data sets
expressed as percentages of the total number of genera in each category. The actual numbers are in
parentheses. Males and females are considered separately (see text). The MESO forms are not included in the
genera totals because they co-occur with the DK or DNK form.

Table 4. The occurrence of the morphological types among mantids with different wing length. The
sexes are treated separately as in Table 3. FW: wings extend to or past the tip of the abdomen; MBF: wings
shorter than the abdomen, but the mantis can fly based on behavioral records or thin tegmina typical of flying
mantids. Usually in genera with long, slender bodies.; B: wings reduced, but extend past mid-abdomen; SB:
wings strongly reduced and do not reach mid-abdomen; A: apterous. Absence of wings is very rare in males.
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Table 5. Summary of the physiological characteristics of the six auditory patterns. The two sexes are
treated separately as in previous tables. TH: the lowest threshold for a group, e.g. male Stagmomantis
carolina, taken from the mean tuning curve for that group. The number of individuals in each group ranged
from 1 to >60. BF: the frequency with the lowest threshold on the mean tuning curve for the group.
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Metallyticus
Sphaeromantis
Paraoxypilus
Eremiaphila
Acontista
Tithrone
Acontiothespis
Pseudacanthops
Acanthops
Metilia
Decimia
Callibia
Oxypilus
Gonypetella
Haania
Hagiomantis
Geomantis
Thesprotia
Oligonicella
Thrinaconyx
Mionycoides
Oligonyx
Pogonogaster
Carrikerella
Macromantis
Metriomantis
Liguanea
Pseudomiopteryx
Musonia
Thespis
Paramusonia
Leptomiopteryx
Galapagia
Mantoida
Sphodromantis
Periplaneta
Panchlora
Apteromantis
Elaea
Blaptica
Gyna
Chaeteesa
Orthoderella
Photinella
Parathespis
Bantiella
Bantiella

1: state0 --> 1
9: state0/1/2 --> 3

12: state0 --> 2
13: state0 --> 1

5: state0 --> 1/2
6: state0 --> 1/2/3
7: state0 --> 1
8: state0 --> 1/2/3
10: state0 --> 1

Metallyticus
Chaeteesa
Eremiaphila
Leptomiopteryx
Mantoida
Sphodromantis
Periplaneta
Panchlora
Blaptica
Gyna

Metoxypilus
Opsomantis
Yersiniops
Ameles
Compsomantis
Entella
Angela
Calofulcinia
Liturgusa
Cardioptera
Brunneria
Hoplocoryphella
Hoplocorypha

1: state0 --> 1
2: state0 --> 1
3: state0 --> 2
4: state0 --> 1
9: state0/1 --> 2/3

Acontista
Tithrone
Acontiothespis
Pseudacanthops
Acanthops
Metilia
Decimia
Callibia
Opsomantis
Yersinia
Angela
Pseudogousa
Guaraunia
Geomantis
Thesprotia
Bactromantis
Pseudomusonia
Oligonicella
Thrinaconyx
Mionycoides
Orthoderella
Brunneria
Macromantis
Photinella
Liguanea
Hoplocoryphella
Parathespis
Promiopteryx
Bantiella
Pseudomiopteryx
Macromusonia
Musoniella
Musonia
Eumusonia
Thespis
Paramusonia
Stenophylla
Oligonyx
Galapagia

Liturgusa
Callimantis
Coptopteryx
Cardioptera
Photina

2: state1 --> 2
3: state2 --> 3
12: state0 --> 2
13: state0 --> 1

Amorphoscelis
Caudatoscelis
Paramorphoscelis
Gyromantis
Idolomantis
Blepharopsis
Idolomorpha
Empusa
Gongylus
Euantissa
Ephestiasula
Hestiasula
Anasigerpes
Citharomantis
Acromantis
Anaxarcha
Otomantis
Phyllocrania
Atemna
Panurgica
Chloroharpax
Galinthias
Pseudoharpax
Pseudocreobotra
Creobroter
Hymenopus
Theopropus
Elmantis
Armene
Amantis
Telomantis
Gonypeta
Litaneutria
Yersinia
Dystacta
Achlaena
Agrionopsis
Leptocola
Stenopyga
Euchomenella
Sinaiella
Aetaella
Leptomantella
Gildella
Caliris
Compsothespis
Parablepharis
Deroplatys
Spilomantis
Hapalopeza
Micromantis
Nemotha
Pezomantis
Tropidomantis
Eomantis
Nilomantis
Hyalomantis
Xanthomantis
Stenomantis
Phloeomantis
Dactylopteryx
Theopompella
Zouza
Theopompa
Theopompula
Humbertiella
Liturgusella
Gonatista
Majanga
Melliera
Archimantis
Austrovates
Pseudomantis
Phasmomantis
Stagmomantis
Statilia
Mantis
Rhombodera
Hierodula
Sphodromantis
Tenodera
Polyspilota
Prohierodula
Plistospilota
Tisma
Tauromantis
Isomantis
Iris
Teddia
Eremoplana
Deiphobella
Bolivaria
Rivetina
Deiphobe
Miomantis
Neocilnia
Parasphendale
Sphodropoda
Callimantis
Orthoderina
Orthodera
Amblythespis
Oxyothespis
Heterochaetula
Coptopteryx
Phyllothelis
Schizocephala
Sibylla
Dysaules
Oxyophthalma
Plastogalepsus
Galepsus
Episcopomantis
Pyrgomantis
Pseudogalepsus
Xenomantis
Aethalochroa
Popa
Ambivia
Macrodanuria
Danuria
Danuriella
Heterochaeta
Parastagmatoptera
Oxyopsis
Leptochoche
Phyllovates
Pseudovates
Vates
Zoolea
Ligaria
Metentella
Tarachodes
Choeradodis
Omomantis
Stagmatoptera

Apteromantis
Majanga
Yersiniops
Liturgusella
Metriomantis
Hoplocorypha
Bolivaria
Bolbe

8: state0 --> 3
5: state0 --> 1
6: state0 --> 1/2/3
7: state0 --> 1
8: state3 --> 2

5: state1 --> 2

8: state2 --> 1
10: state0 --> 1
11: state1 --> 3
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Bolivaroscelis
Amorphoscelis
Paramorphoscelis
Sphaeromantis
Gyromantis
Metoxypilus
Paraoxypilus
Idolomantis
Blepharopsis
Idolomorpha
Empusa
Gongylus
Euantissa
Ephestiasula
Hestiasula
Anasigerpes
Citharomantis
Acromantis
Anaxarcha
Otomantis
Phyllocrania
Epaphrodita
Panurgica
Chloroharpax
Congoharpax
Galinthias
Pseudoharpax
Pseudocreobotra
Creobroter
Hymenopus
Theopropus
Ceratomantis
Oxypilus
Junodia
Elmantis
Gimantis
Armene
Amantis
Telomantis
Gonypetella
Gonypeta
Litaneutria
Ameles
Compsomantis
Ligeriella
Ligaria
Entella
Dystacta
Agrionopsis
Leptocola
Truxomantis
Stenopyga
Euchomenella
Sinaiella
Tegalomantis
Aetaella
Leptomantella
Caliris
Choeradodis
Cliomantis
Compsothespis
Parablepharis
Deroplatys
Brancsikia
Haania
Tarachina
Hapalomantis
Bolbena
Spilomantis
Calofulcinia
Hapalopeza
Micromantis
Sceptuchus
Pezomantis
Neomantis
Tropidomantis
Eomantis
Nilomantis
Hyalomantis
Xanthomantis
Stenomantis
Elaea
Phloeomantis
Dactylopteryx
Gonatistella
Theopompella
Zouza
Theopompa
Theopompula
Humbertiella
Gonatista
Xystropeltis
Melliera
Archimantis
Austrovates
Pseudomantis
Omomantis
Phasmomantis
Stagmomantis
Statilia
Mantis
Hierodula
Sphodromantis
Tenodera
Polyspilota
Prohierodula
Plistospilota
Tisma
Tauromantis
Isomantis
Iris
Eremoplana
Deiphobella
Rivetina
Deiphobe
Miomantis
Parasphendale
Sphodropoda
Orthodera
Amblythespis
Oxyothespis
Heterochaetula
Ceratocrania
Schizocephala
Presibylla
Sibylla
Dysaules
Didymocorypha
Plastogalepsus
Galepsus
Tarachodes
Tarachodula
Episcopomantis
Pyrgomantis
Pseudogalepsus
Sinomiopteryx
Xenomantis
Aethalochroa
Toxoderopsis
Popa
Ambivia
Macrodanuria
Danuria
Danuriella
Heterochaeta
Stagmatoptera
Parastagmatoptera
Oxyopsis
Phyllovates
Pseudovates
Vates
Zoolea
Metentella
Rhombodera
Achlaena
Phyllothelis
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Yager & Svenson

A PPE N D I C E S

A ppendix 1. T he taxonomic sampling and morphology matrix for the male and female data sets used
to generate the trees in F igure 5. M issing data included in analysis is indicated with ‘?’. M issing data excluded
from the analysis is indicated with ‘–‘. C haracter descriptions can be found under the R esults section. T he
male and female morphology data matrices shown can be downloaded for analysis at:
http://whitinglab.byu.edu/mantodea/data2.htm.

A ppendix 2. T he taxonomic sampling and G enB ank accession numbers for the molecular data used to
generate the suborder phylogeny (F ig. 6). G enB ank accession numbers are organized by taxon and gene. A ll
data were generated by Svenson & W hiting (2004, unpublished data). M issing data are indicated with N A .
A ll data files and the alignment used in analyses can be downloaded at:
http://whitinglab.byu.edu/mantodea/data2.htm.
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Abstract
A comprehensive taxonomic and distributional sampling of Mantodea (praying mantises),
covering virtually all higher-level groups, was assembled to reconstruct the phylogeny for
the order. Sequence data were generated from five mitochondrial and four nuclear loci
(12S rDNA, 16S rDNA, 18S rDNA, 28S rDNA, Histone III, Cytochrome Oxidase I & II,
NADH dehydrogenase subunit 4, and Wingless) for 331 mantis species along with ten
cockroach and termite species as outgroups. Phylogenetic reconstruction using multiple
methods indicated that only parsimony was capable of recovering a topology after a
thorough analysis. Only 7 families, 16 subfamilies, and 11 tribes were recovered as
monophyletic indicating that phylogeny is largely incongruent with current mantis
classification. Mapping biogeographic regions on the phylogeny demonstrated that our
results adhere closer to geographic distribution than to the current classification. Specific
patterns in distribution suggest that major morphological convergences have confounded
taxonomists ability to construct natural groups. Rather, we found that major mantis
lineages diverged prior to the isolation of geographic regions and subsequent ecomorphic
specializations within these regions led to convergences in morphology. Divergence time
estimations place the origins of Mantodea at the beginning of the Jurassic with modern
mantises originating on Gondwanaland in the Early Cretaceous. The first major
divergence among modern mantises occurred as a result of the splitting of South America
from Africa. The subsequent breakup of Gondwanaland continents spurred numerous
divergences within the order and led to the contemporary paraphyletic assemblages of
taxa within each biogeographic region.
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Introduction
The insect order Mantodea is one of the most widely recognized groups of insects
and has inspired researchers, the general public, and Hollywood film makers alike.
Members of the group occupy diverse habitats and are distributed across the globe,
though their greatest numbers and diversity are concentrated primarily in the tropics
(Ehrmann, 2002). Though continental endemism is common, certain groups, such as the
bark mantises (Liturgusidae), have a broad global distribution while exhibiting highly
specific habitat selection, but no study has ever determined if groups like this are
monophyletic or represent convergent ecotypes. The diversification and specialization of
mantises in ecologically diverse and biogeographically dispersed habitats suggest
interesting questions about their morphological and behavioral adaptations. Though
considerable effort has been devoted to understanding morphological characters within
Mantodea (Beier, 1964, 1968; Grimaldi, 2003; Kerry and Mill, 1987; Klass, 1997, 1998a,
1998b, 1999; Klass et al., 2003; Levereault, 1936; Mukherjee et al., 1995; Ramsay, 1990;
Roy, 1987; Slifer, 1968; Terra, 1995; Wang, 1993), few studies have investigated them in
a phylogenetic context or tested the characters used for grouping currently recognized
taxa. Our previous study was the first molecular phylogenetic analysis for the group and
began to shed light on the evolution of the order, but only superficially addressed the
types of questions presented by this group (Svenson and Whiting, 2004). The present
study continues our efforts to understand mantodean phylogenetics and revisits our
earlier study with a vastly expanded taxon sampling and additional gene regions.
With approximately 2,366 described species distributed in 436 genera (Ehrmann,
2002; Otte and Spearman, 2005) Mantodea is a comparatively small order of insects. The
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presence of raptorial forelegs, a well-defined postclypeus, a femoral brush, the lamella
system and a loss of a single denticle in the gizzard, as well as abdominal neuromeres II
and III fusing to the complex of neuromeres in thoracic segments III and abdominal
segment I, are all morphological characters that strongly support the group as
monophyletic (Klass, 1998b, 1999; Roy, 1999). In addition, numerous molecular studies
have confirmed the group’s monophyly (Lo et al., 2000; Maekawa et al., 1999; Svenson
and Whiting, 2004; Terry and Whiting, 2005). It is widely accepted that phylogenetically,
Mantodea is nested within Dictyoptera (Kevan, 1977; Richards and Davies, 1977) along
with Blattaria (cockroaches) and Isoptera (termites), but the relationships among these
groups have long been controversial. Though there are multiple hypotheses of the
relationships (see review by Eggleton, 2001), both morphological and molecular evidence
is mounting in support of Mantodea + (Blattaria + (Cryptocercus + Isoptera)) (Inward et
al., 2007; Klass, 1998a, 1998b, 2000; Lo et al., 2000, 2006; Maekawa et al., 1999; Terry
and Whiting, 2005). However, the rendering of Blattaria as paraphyletic by including
Isoptera is still hotly disputed (Grandcolas, 1994, 1996, 1999; Grandcolas and D’Haese,
2001). Surprisingly, a recent molecular study has even called into question the placement
of Mantodea within Dictyoptera by recovering the group within Blattaria (Lo et al.,
2006). This result depends primarily on molecular data collected from the enigmatic
cave-dwelling cockroach genus Nocticola found in northern Australia. Lo et al. (2006)
placed the genus as sister to Mantodea based on three genes, but the support for this
relationship was very low. However, Inward et al. (2007) also included Nocticola
australiensis in their study based on five genes, but recovered the species as sister to
Polyphagidae instead of Mantodea. Clearly, a more detailed investigation of the
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placement of Nocticola is warranted before a change is made in the placement of
Mantodea within Dictyoptera. Curiously, Mantodea has often been considered only as a
family (Giglio-Tos, 1919, 1927; Saussure, 1869, 1870) or as a suborder within
Dictyoptera (Chopard, 1949; Ramsay, 1990), though its strongly divergent morphology
and genetics would suggest ordinal status. We contend that Mantodea should be
recognized as an insect order within the well-supported clade Dictyoptera, as is the same
with Lepidoptera and Trichoptera, which together form Amphiesmenoptera.
Studies of mantis evolution are inhibited by considerable conflicts between
hypotheses of taxonomic organization. Though taxonomic studies have been thorough,
discrepancies among classifications suggest wide latitude in the interpretation of
characters and their relative importance for grouping taxa. Early contributors to
Mantodean systematics are many, but some of the most notable are Burmeister (1838),
Stål (1877), Saussure (1859, 1861, 1869, 1870), Chopard (1910, 1913), Giglio-Tos
(1919, 1927), and Beier (1964, 1968). Subsequent systematic work has largely been a
focused effort by many different researchers on certain mantid lineages or geographic
regions. The results are numerous monographs, revisions and catalogs of the world
mantid fauna (Agudelo, 2004; Ehrmann, 2002; Jantsch, 1999; Kaltenbach, 1982, 1996,
1998; Lombardo and Ippolito, 2004; Lombardo and Pérez-Gelabert, 2004; Mukherjee et
al., 1995; Otte and Spearman, 2005; Piza, 1960; Roy, 1987, 1999; Salazar, 2002; Terra,
1995; Wang, 1993). Unfortunately, the higher-level classification of many mantid groups
is incongruent among most of the aforementioned systematic studies. Until recently, the
most commonly accepted classification of the group was based on the work completed by
Ermanno Giglio-Tos (1927) and Max Beier (1964, 1968), which recognized eight
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families and 28 subfamilies, 21 of which were included in the largest family Mantidae. In
2002, Reinhard Ehrmann released a complete catalog of world Mantodea, which included
a classification largely based on the arrangements made by Roy (1999). This
classification significantly rearranged mantis groups by elevating many of the 28
subfamilies to familial status while reorganizing and creating new subfamilies. The
Ehrmann (2002) classification has been recognized in recent studies (Inward et al., 2007;
Svenson and Whiting, 2004), but Otte and Spearman (2005) recently added another
classification, which includes fossil genera, new taxa, and additional taxonomic
rearrangements. It appears that many of the rearrangements made are not supported by
any morphological justification and do no reflect phylogeny. The differences encountered
between Ehrmann’s (2002) and Otte and Spearman’s (2005) classifications draw
additional attention to the conflict between alternative taxonomic schemes and highlight
the lack of a generally agreed upon natural classification for these insects. As in many
insect orders, the current classification of Mantodea has serious deficiencies, but serves
as the current best estimate of phylogeny and a foundation for further studies. Clearly,
deciphering phylogenetic relationships within Mantodea is a crucial step in any project
investigating the evolution of the order.
A recent phylogenetic analysis for familial level relationships within Mantodea
based on a molecular matrix derived from 55 taxa across five gene loci (Svenson and
Whiting, 2004) demonstrated that the current classification did not delimit natural
groupings for many of the families and subfamilies. The analysis confirmed the suspicion
that classifications have been constructed in part on characters that do not track
phylogeny. One example is the assumption that basal mantises possess a short prothorax
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(Beier, 1964; Roy, 1999). Consequently, five mantis families with a short prothorax were
grouped by Beier together as the most “primitive” lineages (Chaeteessidae, Mantoididae,
Amorphoscelidae, Eremiaphilidae, and Metallyticidae; Figure 1a). The phylogenetic
hypothesis of Svenson and Whiting (2004) demonstrated that the short prothorax is
homoplasious (Figure 1b). The basal position of Mantoida schraderi agrees with previous
studies (Klass, 1997; Roy, 1999), but the more apical placement of Amorphoscelidae
contradicts its primitive assignment. However, without the inclusion of Eremiaphilidae,
Chaeteessidae and Metallyticidae in that analysis, we were unable to fully evaluate the
taxonomic distribution of secondary prothorax shortening.
Klass (1997) and Grimaldi (2003) used morphological characters to reconstruct
the relationships among ‘primitive’ mantis taxa. Using a genitalic character system, Klass
recovered Mantoididae at the base with Chaeteessidae and Metallyticidae as the next two
most basal lineages (Figure 1c). Grimaldi, however, treated all five ‘primitive’ mantis
groups as defined by Beier (1964) in conjunction with 11 fossil taxa and recovered
Chaeteessidae as sister to the rest of Eumantodea (all extant mantises) using a variety of
morphological character systems (Figure 1d). Additionally, his study recovered a
polytomy including Mantoididae and Metallyticidae as the next most basal lineage in
Mantodea. Therefore, there is incongruence among these studies in regards to which
mantis lineage is sister to the rest of Mantodea. Since the study completed by Svenson
and Whiting (2004) did not include Chaeteessidae or Metallyticidae it was inadequate in
resolving the early branching order of Mantodea. However, Svenson and Whiting’s
molecular tree did confirm Grimaldi’s more nested placement of Amorphoscelidae,
suggesting that morphology may also indicate a homoplasious short prothorax (Figure
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1d). Only after we include all of the ‘primitive’ mantis groups in a molecular
phylogenetic study will we be able to resolve early branching relationships and uncover
the origins of the order.
As already suggested, it is likely that many of the morphological characters
thought to unite lineages of mantises are actually homoplasious and do not represent
single origins in mantid evolution. For example, an elevated medial keel running down
the midline of the pronotum in the subfamily Tropidomantinae has long been accepted as
a strong character delimitating the group (Beier, 1964; Giglio-Tos, 1927). However, our
previous molecular based phylogeny demonstrates that this character is homoplasious and
appears to have two independent origins (Svenson and Whiting, 2004). Further, the two
taxa exhibiting this character state were recovered within clades reflecting their
geographic distributions; Chloromantis rhombica (Namibian) was positioned among
other African taxa while Neomantis australis (Australian) was sister to a clade of
Australasian mantises. This result suggests that this character is actually convergent
between lineages evolving independently on different continents. The extent of
convergent character evolution is among Mantodea lineages is unclear, but a critical
cladistic examination of morphology is imperative to our basic understanding of
morphological evolution within the order. Studies providing morphological information
for Mantodea are relatively extensive and can offer great insight into what characters are
viewed as important for delimitating groups (Beier, 1964, 1968; Ehrmann, 2002;
Grimaldi, 2003; Kerry and Mill, 1987; Klass, 1997, 1998a, 1998b, 1999; Klass et al.,
2003; Levereault, 1936; Mukherjee et al., 1995; Ramsay, 1990; Roy, 1987; Slifer, 1968;
Snodgrass, 1935; Terra, 1995; Wang, 1993).
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An immense diversity of morphology is exhibited across Mantodea with adult
mantises ranging in size from 2cm (e.g. Amelinae: Gonypetyllis sp.) to ~25cm (e.g.
Angelinae: Leptocola phthisica), and can look like a dead leaf (Deroplatyinae:
Deroplatys sp.), a piece of quartz rock (e.g. Chroicopterinae: Ligaria sp.), or a blade of
grass (Schizocephalinae: Schizocephala bicornis). Presumably, this diversity is largely
driven by the selective pressures associated with different environments. A mantis’
capacity to match its environment in behavior and morphology seems linked to its
success as a predator. Many lineages of mantises have become extremely specialized to a
particular environment such that their camouflage, hunting strategy, and body form are
optimized for such circumstances. For example, bark mantises, of the family
Liturgusidae, all live on the trunk and branches of trees and exhibit bark like coloration to
blend into the background. Their overall body form is flattened dorsal-ventrally with long
laterally projecting legs, which enable them to run in all directions at astonishing speeds.
Many species have reduced wings and cannot fly, but most use flight as a last resort to
escape capture. Therefore, bark mantises appear to represent a specific life-history
strategy, an ecomorph, within Mantodea, such that the specializations they exhibit may
be a result of the constraints imposed on them by the environment they inhabit. Not
surprisingly, this ecomorphic type specialization repeats itself many times across
Mantodea in grass mantises (Schizocephalinae, Compsothespinae, Oxyothespinae),
ground mantises (Hoplocoryphinae, Rivetinini), and desert mantises (Eremiaphilidae).
However, we do not understand the origins of these ecomorphs nor do we know whether
they represent true convergence in life-history strategies or single origins among groups
that have historically been classified as different lineages. It has already been shown that
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numerous currently recognized groups of Mantodea are not monophyletic (Svenson and
Whiting, 2004), suggesting that the non-monophyly of groups may be caused by
classifying with character systems that are influenced by overall ecomorphic adaptation.
Perhaps there are many reasons for non-monophyly within Mantodea, which we can
begin to uncover and address in the framework of phylogeny.
Distributional patterns vary considerably according to higher-level groups of
Mantodea with several multi-continentally distributed families (Liturgusidae, Thespidae,
and Mantidae) and regional endemism common among many tribes, subfamilies, and
even families (Ehrmann, 2002; Otte and Spearman, 2005). In fact, there are six families,
18 subfamilies, and 23 tribes demonstrating regional endemism (all records within certain
biogeographic region, see Table 1). A number of these groups are very small lineages,
often with only one or two genera and species (Mantoididae, Chaeteessidae,
Metallyticidae, Schizocephalinae, and Compsothespinae), but others are quite diverse and
comprise many genera (e.g. 10, Photinini) and species (e.g. 69, Chroicopterinae). Groups
ranging over broad geographic regions are usually large assemblages of highly diverse
genera and species (e.g. Mantidae), but can often represent groups with extremely similar
and presumably constrained morphology (e.g. Liturgusidae). There has not been an
investigation of patterns of distribution using phylogeny among small and large groups,
broadly spread and geographically restricted groups, and morphologically variable and
similar groups. Do patterns in distribution accord with phylogeny? Svenson and Whiting
(2004) demonstrated that a number of higher-level groups are indeed paraphyletic, but we
lacked the taxon sampling to comprehensively investigate geographic distribution.
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Our understanding of the early origins of Mantodea is relatively limited, but
thanks to the work of Gratshev and Zherikhin (1993), Grimaldi (1997, 2002, 2003), Nel
and Roy (1996), and Sharov (1962), we have an idea that the group may have emerged
during the Triassic/Jurassic boundary when mantises diverged from ancestors of modern
cockroaches. Since the earliest known mantis fossils come from Cretaceous strata and
closely parallel the fossil record of termites (Grimaldi, 1997), we estimate that the
beginnings of the order predated the Cretaceous. Grimaldi’s (2003) study of fossil
mantises demonstrates that a large number of extinct lineages diverged prior to the
emergence of the mantises we know today (extant Mantodea = Eumantodea), and that
these early lineages were distributed globally. Unfortunately, we have no real
understanding about where and when the Eumantodean lineages evolved. The primary
distribution of mantis diversity across South America, Africa, Australia and parts of Asia
would suggest a Gondwanaland origin of the group, but without a dated phylogeny this is
only speculative.
This project seeks to accomplish an investigation of evolutionary convergence
and biogeographical trends across Mantodea using a thorough phylogenetic analysis.
Specifically, the goals of this project are to: Goal I: Reconstruct a comprehensive
phylogeny for Mantodea using molecular characters from nine genes for 346 ingroup and
outgroup taxa; Goal II: Use the phylogeny to elucidate major convergences in
morphology and habitat utilization; and Goal III: Investigate biogeographic patterns and
determine the origins of the modern Mantodea with divergence time estimation.

115

Materials and Methods
Specimen Acquisition and Taxon Sampling
Our goal for taxonomic sampling was to acquire as many genera as possible from
throughout the world to adequately represent higher-level mantid diversity and
biogeographic distribution (Table 1). This resulted in a taxonomic sampling including all
families (100%), 45/48 subfamilies (96%), 46/47 tribes (98%), 180/436 genera (41%),
and 290/~2366 species (12%) (Table 2). In addition, the generic sampling within groups
largely reflects the biogeographical representation of that group. For example, genera
were sampled from all of the four biogeographical regions in which Liturgusidae are
present (Table 2). Further, the distribution of our sampling within families is roughly
proportional to the percentage of species found in these families. In four examples:
Acanthopidae 3.3% of species ≈ 2.7% of exemplars, Mantidae 48.9% of species ≈
42.3% of exemplars, Thespidae 8.6% of species ≈ 6.7% of exemplars; and
Hymenopodidae 10% of species ≈ 14.5% of exemplars. Unfortunately, we were not
able to include three subfamilies and 1 tribe for two reasons; 1) our exemplar of
Stenophyllinae was a poorly preserved museum voucher and all data generated proved to
be contaminants, and 2) we were unable to obtain material for Miopteryginae,
Perlamantinae, and Paraseveriniini. The total Mantodean ingroup exemplars included is
331 (Table 2). Outgroup exemplars include seven cockroach species (Blattaria) from five
families and eight termite species (Isoptera) from five families (see Appendix).
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Specimen Vouchering
All primary and secondary specimen vouchers, as well as the general Mantodea
collection, are stored in the Insect Genomics Collection (IGC), M. L. Bean Museum,
Brigham Young University in 100% ethanol at -80°C. A select number of specimens
(primary and secondary) have been dry pinned along with genitalic mounts prepared for
morphological description. These specimens represent new species and the resulting
holotypes will be deposited into museums upon publication of their description.

Molecular Methods
Muscle tissue was excised from mantis specimens for DNA extraction. Winged
individuals received a lateral incision along the pleuron of the meso- and metathorax to
access the flight muscle tissue. For apterous specimens, muscle tissue was primarily
removed from the meso- and metacoxa to ensure quality tissue without gut
contamination. Tissue extractions were minimally destructive, thus preserving the
voucher for further morphological investigation.
DNA was extracted using Qiagen DNeasy Blood & Tissue Spin Column Kit
(Valencia, CA) using the protocol for animal tissue. The product DNA template was
stored in -80°C freezers after making 1/5 aliquot dilutions for amplification. DNA
regions for a total of nine targeted genes were amplified via the polymerase chain
reaction (PCR) on a DNA Engine DYADTM, Peltier Thermal Cycler. Targeted genes and
sizes are as follows: 12S ribosomal RNA (12S rDNA; ~440 bp), 16S ribosomal RNA
(16S rDNA; ~550 bp), 18S ribosomal RNA (18S rDNA; ~1,800 bp), 28S ribosomal RNA
(28S rDNA; ~2,400 bp), Cytochrome Oxidase I (COI; ~1,420 bp), Cytochrome Oxidase
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II (COII; ~675 bp), Histone 3 (H3; ~330 bp), NADH dehydrogenase subunit 4 (ND4;
1338 bp), and Wingless (Wg; ~375 bp). Primers for 16S rDNA, 18S rDNA, 28S rDNA,
COII, and H3 have been previously published (Svenson and Whiting, 2004; Whiting,
2002). New primers for four genes previously not used for Mantodea are given in Table
3. PCR protocols for all nine genes vary and were designed to work optimally with the
broadest selection of Mantodea taxa (Table 4). Two amplification protocols, ‘Touchup’
and ‘Touchdown’ were used for problematic taxa with typically low PCR yields or for
which the standard protocol proved ineffective.
One mitochondrial gene region, NADH dehydrogenase subunit 4 (ND4),
previously not used for insect phylogenetics, was optimized for Mantodea (Figure 2).
Mitochondrial genome sequences from Hemiptera (Aphrophoridae: Philaenus spumarius,
Stewart and Beckenbach, 2005; NC_005944), Blattaria (Blattidae: Periplaneta
fuliginosa, Yamauchi et al., 2004; NC_006076), and Mantodea (Tamolanica tamolana;
Cameron et al., 2006; NC_007702) were used to design four primers (poly_ND4_F1, F2,
R1, R2) to amplify sequence data for a diversity of mantodean taxa. Poly_ND4_F1 and
R1 were designed in the flanking tRNA-H and NADH dehydrogenase subunit 4L in order
to sequence the entire ND4 gene. After preliminary sequence data were obtained,
additional mantis specific primers were designed at conserved sequence regions (Table 3,
Figure 2). We found that amplification of ND4 in three regions had the greatest success
rate in PCR and sequencing. The primer pairs that correspond to these three regions are:
Region 1: F1  2.0b; Region 2: 1.9a  3.9b; Region 3: 2.91a  6b.
All PCR products were visualized with gel electrophoresis to verify amplification
and contamination via negative controls. Amplicons were purified via the Montage
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PCR96 Cleanup Kit (Millipore®), and cycle sequenced with ABI Prism Big Dye® version
3 dye terminator chemistry. Sequencing reactions were column purified with SephadexTM
G-50 Medium and fractionated with an ABI 3730xl DNA analyzer. Gene regions were
sequenced with complements and sufficient overlap with adjacent regions to ensure
accuracy of sequence data.

Alignment
Sequence fragments were imported into Sequencher® 4.6 (Genecodes, 2006) for
nucleotide editing and contig assembly. We verified sequence accuracy for each contig
by using reference sequences to ensure indels and base calls were correct. Gene contigs
were assembled and primer regions were trimmed from leading and lagging ends.
Sequence data have been submitted to GenBank (see Appendix for complete list of
accession numbers).
Protein coding genes were imported into the program Molecular Evolutionary
Genetic Analysis (MEGA) version 4 (Kumar et al., 2004) and translated to amino acids to
determine proper codon reading frame. Length variable amino acid sequences were
individually aligned with groups of mantis reference sequences using MEGA by
spawning Clustal W (Thompson et al., 1997; Thompson et al., 1994). All aligned amino
acid sequences were back translated and exported for concatenation with ribosomal
genes.
Ribosomal genes were manually aligned in Sequencher according to conserved
and non-conserved regions, which roughly correspond to secondary structure with
conserved regions reflecting stems and length variable regions reflecting loops.
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Subsequently, all ribosomal genes were partitioned according to loop regions (length
variable) with flanking regions of conserved sequence. This resulted in the following
gene partitions: 5 regions for 12S rDNA, 7 regions for 16S rDNA, 10 regions for 18S
rDNA, and 17 regions for 28S rDNA. Gene partitions were then exported and aligned
using the program MAFFT version 5.8 (Katoh et al., 2005; Katoh et al., 2002) using the
L-INS-i algorithm with ‘maxiterate’ set to 1000. Among the many alignment algorithms
offered within MAFFT, the program’s authors consider L-INS-i to be the most accurate
for nucleic acid sequence alignment, which is a “iterative refinement method
incorporating local pairwise alignment information”.
Aligned ribosomal gene partitions and protein coding genes were imported and
concatenated in MacClade version 4.06 (Maddison and Maddison, 2003) to form a single
character matrix and partition by gene. The resulting aligned data set was 9,800 base
pairs in length. Under parsimony criteria treating gaps as missing data there were 4,292
informative characters, 865 autapomorphic characters, and 4,643 invariable characters.
By treating gaps as a fifth state there were 4,619 informative characters, 978
autapomorphic characters, and 4,203 invariable characters. Completeness of data was
calculated for each taxon and gene to provide percentages of data coverage across the
sampled taxa (see Appendix). The overall data coverage for each gene is: 12S rDNA
92% of characters, 16S rDNA 93%, 18S rDNA 96%, 28S rDNA 95%, COI 87%,
COII 93%, H3 92%, ND4 92%, and Wg 71%. Twenty-nine taxa (8%) have less
than 80% data coverage, nine (3%) of which are outgroup taxa. All data files and the
alignment can be downloaded at http://whitinglab.byu.edu/Mantodea/data2.htm.
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Phylogenetic Reconstruction
The total nine-gene molecular matrix was analyzed using parsimony, partitioned
maximum likelihood, and mixed model Bayesian analysis. Concerns about computational
time and method accuracy led us to exclude analyses via Direct Optimization (Wheeler,
1996) as implemented in POY (Wheeler et al., 2003). Recently, a simulation study
completed by Ogden and Rosenberg (2007a) suggests that POY performed worse at
recovering accurate topologies than trees reconstructed from the ClustalW alignments.
All analyses were implemented using Brigham Young University computational
resources including: Dual 2.5 GHz PowerPC G5, DELL Dimension 8400 Intel Pentium 4
CPU 3.60Ghz, a Debian Linux cluster consisting of 64 nodes equipped with two 1.6 GHz
64-bit AMD Opteron processors with 512 MB of RAM, and a Dell 1955 Linux cluster
consisting of 630 nodes equipped with two Dual-core Intel Xeon EM64T processors
(2.6GHz) and 8 GB of memory.
A parsimony analysis treating gaps as a 5th character state was implemented in
TNT (Goloboff et al., 2003) under the ‘New Technology Search’, which utilizes treedrifting, sectorial searches, tree-fusing (Goloboff, 1999), and ratchet (Nixon, 1999). A
total of 2,000 random additions were completed with the ‘New Technology Search’
repetition settings increased as follows: ratchet set to 20 iterations, tree drift set to 20
cycles, and tree fusing set to 6 rounds. We also conducted a parsimony analysis that
treated gaps as missing data using PAUP 4.0b10 (Swofford, 2002) for 2,000 random
additions. Nonparametric bootstrap analysis (Felsenstein, 1985) was performed using
PAUP for both treatments of gaps (1,500 iterations, 25 random additions per iteration).
We calculated decay indices (DI) for the strict consensus parsimony topology by
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generating a constraint file using AutoDecay ver5.0 (Eriksson, 2001) and executing it in
PAUP. However, we increased the random additions per nodal constraint search from 10
to 20 to better estimate DI values.
Using the Akaike Information Criteria (AIC), the best-fit model for each of the
nine genes was determined using ModelTest 3.7 (Posada and Crandall, 1998) partnered
with PAUP. Further, we partitioned all five protein coding genes by codon position and
determined the model for each partition. This resulted in a total of 24 best-fit likelihood
models being determined for implementation in various combinations for partitioned
maximum likelihood and mixed model Bayesian analysis (Table 5).
Mixed model Bayesian methods coupled with Markov chain Monte Carlo
(BMCMC) were implemented in the program MrBayes v3.1.2 (Ronquist and
Huelsenbeck, 2003). We conducted analysis under two partitioning regimes as follows:
1) ‘GeneParts’- partitioned by gene (9 partitions) and 2) ‘CodonParts’- partitioned by
gene and sub-partitioned by codon position (19 partitions). Four independent analyses
were completed using four chains (3 cold and 1 hot) for 20 million generations for
GeneParts and CodonParts (total of eight runs). Each chain was started from a random
tree and subsequently monitored (fluctuating likelihood values) to ensure that each
Bayesian analysis converged (comparable means and variances of likelihood parameters)
using the program Tracer v1.3 (Rambaut and Drummond, 2003). For both partition
regimes, all sampled generations (every 1000) prior to stationary were discarded (burnin). The final posterior probability tree was calculated as a 50% majority rule consensus
tree (Huelsenbeck and Imennov, 2002; Huelsenbeck et al., 2002).
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Using the program Treefinder (Jobb, 2006), we performed partitioned likelihood
analysis on the GeneParts regime. Model parameters from ModelTest were imported into
Treefinder, though the program also refines parameter estimates during tree
reconstruction. Four consecutive identical runs of Treefinder, each with 100 replicates,
were completed to ensure that the best tree was found across independent analyses. It is
known that the program may settle on local optima when analyzing very large data sets
(our observations), thus independent runs were designed to better search tree space.
From the five strategies of phylogenetic reconstruction employed in this study
(Parsimony- gaps as missing and fifth state, maximum likelihood- GeneParts regime,
mixed model Bayesian- GeneParts and CodonParts regimes) a number of tree topologies
resulted. This created a challenge in reconciling differences of topology and determining
which result surmounted the others, but the inadequacy of certain methods to thoroughly
search a molecular matrix of this size forced us to distrust much of the results. Therefore,
we selected a tree derived from parsimony analysis to represent the mantis phylogeny and
serve as the topology for all downstream analyses.

Biogeographic Plotting & Divergence Time Estimation
The recorded distributional data (Appendix) taken from our collection
information and published records (Ehrmann, 2002; Otte and Spearman, 2005) was
mapped onto the selected phylogeny in accordance to the biogeographic categories
presented in Table 1. Biogeographic regions were largely based on zoogeographic
regional definitions proposed by Cox (2001), but we also adapted a few to reflect
distributional patterns unique to the mantis group. For instance, we created the region
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named Afroasia to mirror the unique assortment of taxa from the areas defined in Table 1.
These categories were mapped on the phylogeny using parsimony in MacClade version
4.06 to resolve ancestral nodes. However, equivocal branches were left unresolved to
demonstrate that the origins of certain lineages remain unclear.
The computational limitations for our dataset with over 300 terminals and almost
10Kb of sequence data were significant and the fact that many programs are not yet
capable of parallel implementation led us to select the program r8s ver.1.70 (Sanderson,
2004a) as an appropriate method for divergence time estimation. Therefore, the selected
topology was prepared for r8s analysis by obtaining likelihood branch-lengths and fossil
calibrations. ModelTest in conjunction with PAUP was used to determine the best-fit
model for the total combined data set (Table 5). Subsequently, we estimated model
parameters and likelihood branch-lengths using PAUP for the topology. Because r8s
requires a rooted topology, we selected the cockroach Blattella germanica (Blattellidae)
as the outgroup based on recent studies which indicate that Blattellidae and Blaberidae
are sister clades, both of which are sister to Blattidae + Cryptocercidae + Isoptera
(Inward et al., 2007; Lo et al., 2006). In the absence of any representatives from
Nocticolidae and Polyphagidae (sister to the rest of Blattaria) we decided it would be best
to root to a cockroach positioned outside of the clade which Isoptera are nested.
Fossil based age constraints were placed on three Mantodean nodes and were
derived from fossil information and classification presented by Gratshev and Zherikhin
(1993), Grimaldi (1997, 2002, 2003), Nel and Roy (1996), and Sharov (1962). Fossils
referable to extant groups of Mantodea include: Choeradodinae: Prochaeradodis
enigmaticus (shale, 60 Ma); Mantoididae: Mantoida sp. (amber, 20 Ma); and
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Chaeteessidae: Archaeophlebia enigmatica (shale, 60 Ma), Arverineura insignis (shale,
60 Ma), Chaeteessa sp. (amber, 20 Ma), Lithophotina floccosa (shale, 45 Ma), and
Megaphotina sichotensis (shale, 35 Ma). In addition, we placed minimum and maximum
age constraints on the root, Blattella germanica, to calibrate the divergences of early
Mantodea and modern Blattaria. We based these constraints on the timeline present in
Vrsansky (2002) and Vrsansky et al. (2002). This timeline postulates that modern
Blattaria emerged during the middle Triassic around 235 Ma. Further, a minimum age
constraint for the outgroup was based on the oldest known fossils representing the
modern Blattaria families of Polyphagidae and Blattellidae, which are from the Early
Cretaceous around 130 Ma. Therefore, age constraints in accordance the node number of
the phylogeny are: node 13- minimum age=60 Ma (Chaeteessidae); node 18- minimum
age=20 Ma (Mantoididae); node 283- minimum age=60 Ma (Choeradodinae); and
outgroup- minimum age=130 Ma and maximum age=235 Ma.
The specific commands implemented in r8s with the chosen topology are as
follows: -blformat lengths=persite nsites=9800 ultrametric=no; MRCA base ‘clade
diagnosis’; MRCA node 13 ‘clade diagnosis’; MRCA node 18 ‘clade diagnosis’; MRCA
node 283 ‘clade diagnosis’; constrain taxon=node 18 min_age=20; constrain taxon= node
283 min_age=60; constrain taxon=node 13 min_age=60; constrain taxon=base
min_age=130 max_age=235; set num_restarts=5 num_time_guesses=5; set
rates=gamma; set verbose=1; collapse; set smoothing=500.0; divtime method=PL
algorithm=TN crossv=yes; describe plot=chronogram; showage shownamed=yes.
To obtain 95% confidence intervals for the estimated nodes we performed
bootstrap divergence time estimation using a package of Perl scripts written and
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distributed by Eriksson (2002). Following the procedure originally described by
Sanderson (2004b), we created 100 bootstrap replicate data sets from our total combined
data set using PHYLIP version3.6 (Felsenstein, 2005), and estimated branch lengths for
the previously chosen topology using each of the 100 replicate data sets. All branch
length estimation was carried out in PAUP while simultaneously estimating parameters
for the GTR+ΓI model (Table 5). Subsequently, all 100 optimized topologies were
analyzed in r8s and each node of interest was profiled across the replicates to calculate
the confidence interval.

Results
Phylogenetic Reconstruction
Treating gaps as a fifth state, parsimony analysis in TNT recovered three equally
parsimonious topologies with a cost of 118799 (Retention Index= 0.487, Consistency
Index=0.096). Treating gaps as missing, parsimony analysis in PAUP recovered 16
equally parsimonious trees with a cost of 114449 (Retention Index= 0.482, Consistency
Index= 0.088). For each parsimony analysis, a strict consensus was generated.
The independent partitioned likelihood analyses recovered four different
topologies and likelihood scores. The best run of the four analyses returned a tree with a
score of -475200.37, while the other three runs returned trees with scores of -475323.95, 475247.64, and -475220.14. The variation in likelihood scores indicates that Treefinder
has not searched the tree space effectively and the partitioned likelihood analysis has not
found the optimal solution. Mixed model Bayesian analysis for both data partitioning
regimes (GeneParts and CodonParts) resulted in four non-converging runs in 20 million
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generations (Figure 3a,b). Calculating consensus trees between runs that were close in
post-stabilization likelihood plots resulted in almost completely unresolved topologies.
The major topological differences indicate that each run has settled on a different optimal
tree island and it is unclear whether either one has found the globally optimal solution.
Therefore, both topologies derived using mixed model Bayesian analysis were not
considered as possibilities for representation as the mantis phylogeny.
Parsimony appears to be the only optimality criteria employed in this study that
recovered topologies based on a thorough analysis. We are left in choosing between the
two parsimony derived topologies to represent the mantis phylogeny. The missing state
parsimony analysis was much less resolved at deeper levels and clearly was not capable
of determining higher-level relationships among large clades. Treating gaps as a 5th
character state recovered an almost fully resolved strict consensus tree. Though gap
treatment in phylogenetic analysis is controversial, numerous studies demonstrate that
additional information is recovered with the 5th state treatment of gaps (Freudenstein and
Chase, 2001; Giribet and Wheeler, 1999; Kawakita et al., 2003; Simmons and
Ochoterena, 2000; Simmons et al., 2001; Vogler and DeSalle, 1994). In fact, Ogden and
Rosenberg (2007b) demonstrated that treating gaps as a fifth character state recovered
phylogenies with greater accuracy in parsimony analysis. Therefore, we selected the strict
consensus topology recovered by the 5th state parsimony analysis to represent the mantis
phylogeny. Additionally, we implemented this topology within partitioned likelihood
under the identical parameters used in tree searching to estimate likelihood branch
lengths for a phylogram representation (Figure 4a-d).
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Decay indices (DI) and bootstrap values (BV) for the 341 nodes (Table 6) show
high values (High Value Threshold= decay index ≥ 10 and bootstrap value ≥ 0.70) across
67% of the 5th state parsimony tree (Table 6; Figure 4a-d). However, the greatest nodal
support values tend to map at more terminal level nodes (Figure 4a-d). Most deep level
ingroup nodes demonstrate low values by both measures. In fact, only three deep level
nodes, 13, 18, and 298, recovered values above the aforementioned threshold.
Additionally, the branch lengths for most of these nodes are very short and indicate that a
small number of characters is responsible for resolving any one of these nodes. However,
of the 33% of the nodes that fall below the high value threshold, 53% are recovered in the
missing state parsimony analysis (Table 6).
Comparisons between the two parsimony topologies reveal a 84% (288 of 341
nodes) congruence in the nodes recovered (Table 6). The strict consensus of the missing
state analysis recovered a topology that was less resolved than the 5th state topology. This
lack of resolution was mainly focused on backbone and deep level nodes. However, a
number of deeply positioned resolved nodes are congruent with those recovered in the 5th
state analysis (e.g. node 13, 18, 19, 62, 195, 203, and 298). Therefore, it appears that
treating gaps as a 5th character increases the resolving power of the analysis at deeper
levels.

Congruence with Classification and Previous Hypotheses
Of the 15 families included in this analysis, seven appear to be monophyletic with
almost all of the supporting nodes above the high value threshold (Table 6): Mantoididae
(node 14), Metallyticidae (node 20), Acanthopidae (node 43), Eremiaphilidae (node 182),
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Toxoderidae (node 193), Empusidae (node 205), and Sibyllidae (node 231) (Table 6,
Figure 4a-c). However, most of these families (e.g. Acanthopidae, Eremiaphilidae,
Toxoderidae, and Sibyllidae) are nested within larger clades comprised of paraphyletic
assemblages of taxa. Of the 45 subfamilies included in the analysis, only 16 could be
corroborated as monophyletic, 20 were paraphyletic, and 10 included single exemplars
and thus could not be tested. In almost all cases the supporting nodes for these
monophyletic subfamilies fall above the high value threshold (Table 6, Figure 4a-d):
Acontiothespinae (node 44), Acanthopinae (node 47), Amorphoscelinae (node 76),
Paraoxypilinae (node 99), Dystactinae (node 136), Hoplocoryphinae (node 156),
Oxyothespinae (node 192), Toxoderinae (node 193), Blepharodinae (node 206),
Empusinae (node 207), Phyllotheliinae (node 227), Sibyllinae (node 231), Deroplatyinae
(node 272), Choeradodinae (node 284), Orthoderinae (node 297), and Stagmomantinae
(node 322). Of the 46 tribes included in the analysis, 11 were corroborated as
monophyletic, 18 paraphyletic, and 17 could not be tested. Similarly, nearly all nodes
supporting monophyletic tribes fall above the high value threshold (Table 6, Figure 4a-d):
Acontiothespini (node 44), Acanthopini (node 47), Fulcinini (node 106), Hoplocoryphini
(node 156), Oxyothespini (node 192), Empusini (node 208), Danuriini (node 266),
Polyspilotini (node 302), Archimantini (node 311), Stagmomantini (node 322), and
Vatini (node 336). However, tribal monophyly is often redundant with subfamilial
monophyly since many subfamilies contain a single named tribe.
Nearly all large clades (having more than six taxa) with deep level nodes (one or
two nodes removed from a backbone node) are composed of portions of paraphyletic
groups at all hierarchical levels. For example, clade 25 (named according to node
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number) is comprised of all exemplars of the Thespidae subfamilies of Oligonicinae and
Pseudomiopteriginae and portions of Thespinae (Thespidae) and Angelinae (Mantidae)
(Figure 4a). Similarly, clade 160 is comprised of all exemplars of Eremiaphilidae,
Tarachodinae, Schizocephalinae, Compsothespinae, Oxyothespinae, Toxoderinae, and
portions of Miomantinae, Thespinae, Amelinae, and Vatinae (Figure 4c). Another pattern
exists within the mantis phylogeny in which large clades are composed primarily of a
single family or subfamily with other lineages nested within. For example, clade 112
recovered a small group of Liturgusinae within a larger assemblage of Amelinae (Figure
4b). Similarly, clade 210 recovered Sibyllidae and Phyllotheliinae (Mantidae) within the
Hymenopodidae (Figure 4c). There are also considerably smaller clades that are
composed of a great diversity of taxa and exhibit node values below the high value
threshold. For instance, clade 179 is comprised of exemplars from Amelinae,
Compsothespinae, Eremiaphilidae, Oxyothespinae, Tarachodinae, Toxoderinae, and
Vatinae (Figure 4c). Similarly, clade 263 is comprised of exemplars from Angelinae,
Deroplatyinae, and Vatinae (Figure 4d).
Congruent with Grimaldi’s (2003) study of fossil Mantodea, Chaeteessidae was
recovered as sister to the rest of Mantodea with node 18 exhibiting a bootstrap of 95 and
a DI of 23 (Table 6, Figure 1d, Figure 4a). The second earliest branch within Mantodea
belonged to the monophyletic family Mantoididae with node 19 exhibiting a bootstrap of
68 and a DI of 14 (Table 6, Figure 4a). This placement of Mantoididae disagrees with the
early branching order presented by Klass (1997), which reversed the position of
Mantoididae with our recovered position of Chaeteessidae (Figure 1c). Our previous
molecular based study placed Mantoididae as sister to all other Mantodea (Figure 1b), but
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since it did not include Chaeteessidae, that study could not specifically address early
branching order (Svenson and Whiting, 2004). Mantodea’s third earliest branch belonged
to the monophyletic family Metallyticidae, but node 23 exhibits a bootstrap less than 50
and a DI of 9 (Table 6, Figure 4a). Klass’s (1997) study also placed Metallyticidae as the
third earliest branch within the order (Figure 1c). Grimaldi (2003) included
Metallyticidae, but recovered the group with Mantoididae in a polytomy (Figure 1d).
The inclusion of Chaeteessidae, Mantoididae, Metallyticidae, Amorphoscelidae,
and Eremiaphilidae allowed a detailed investigation of previous hypothesis regarding
prothoracic length presented by Beier (1964) (Figure 1a). Our previous molecular based
investigation (Svenson and Whiting, 2004) did not include Chaeteessidae, Metallyticidae,
and Eremiaphilidae, but did indicate that a short prothorax was a homoplasious character
state. With all five families treated here, we recovered three as the earliest branches
within Mantodea (see above) and both Amorphoscelidae and Eremiaphilidae in more
apical positions (Figure 4a-c), again supporting the hypothesis that the short prothorax is
homoplastic.

Biogeographic Plotting & Divergence Time Estimation
The plotting of biogeographic regions (Table 1) on the mantis phylogeny (Figure
4a-d) presents clear patterns of lineage distributions and in most cases this topology is
more congruent with biogeographic patterns than with taxonomic groupings. For
example, clade 24 contains an assortment of paraphyletic and monophyletic lineages, but
all taxa are from the Neotropical and Nearctic regions (Figure 4a). Similarly, clade 93
recovered a diverse assortment of taxa from the subfamilies Hapalomantinae,
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Paraoxypilinae, Tropidomantinae, Nanomantinae, and Liturgusinae, though all but two
are from the Australasian region (Figure 4b). This same pattern repeats itself in the
mantis phylogeny with diverse paraphyletic groups recovered in clades representing a
single biogeographic region (e.g. clade 112, 128, 133, 270, and 320; Figure 4b,d).
However, a number of clades contain taxa from multiple regions and represent closely
related and/or monophyletic groups. For example, clade 205 recovered Afrotropical,
Afroasian, Eurasian and Indomalayan taxa representing the four subfamilies of a
monophyletic Empusidae (Figure 4c). The mantis phylogeny also exhibits clades
including diverse assortments of taxonomic groups with wide distributional variation
(e.g. clade 160 and 263; Figure 4c-d). Therefore, three main patterns of biogeographic
distribution in conjunction with taxonomic groups can be identified in our phylogeny.
The first pattern demonstrates the recovery of paraphyletic assemblages within single
geographic regions. The second pattern indicates that certain clades are comprised of an
assemblage of paraphyletic taxa from a broad selection of biogeographic regions. Finally,
the third pattern shows that a number of monophyletic families and subfamilies have a
broad geographic distribution.
Exhibiting the first pattern, the polyphyletic family Thespidae was recovered in
four positions across the mantis phylogeny with Neotropical taxa nested within the
Neotropical/Nearctic clade 24 (Figure 4a), the Indomalayan Pseudothespis
meghalayensis sister to Gildella suavis (IM- Caliridinae) and Haania lobiceps (IMHaaniinae) within clade 154 (Figure 4b), and finally Parathespis humbertiana nested
within other Indomalayan lineages in clade 161 (Figure 4c). Other examples of this
arrangement include Liturgusidae (Figure 4a-d, Figure 5a), Angelinae (Figure 4a-d,
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Figure 5b), Vatinae (Figure 4c-d, Figure 5c), Hapalomantinae (Figure 4b), and
Tropidomantinae (Figure 4b). In fact, the long accepted classification of Liturgusidae
(Beier 1964, 1968; Ehrmann, 2002; Giglio-Tos, 1927) actually represents four
independent lineages of bark dwelling mantises, each from its own biogeographic region
(Figure 5a). Similarly, Angelinae and Vatinae each is comprised of taxa long thought to
be closely related with each other (Ehrmann, 2002), but are actually independent lineages
within their respective biogeographic region (Figure 5b & 5c, respectively).
Early branching lineages (Chaeteessidae, Mantoididae, and Metallyticidae)
demonstrate no clear regional origins for ‘early’ Mantodea with both Neotropical and
Indomalayan distributions, though the two earliest branches are from the Neotropical
region (Figure 4a). Node 23 represents a clear split between Neotropical/Nearctic
Mantodea with ‘Old World’ lineages (Figure 4a). There is resolution of backbone
branches as Indomalayan from node 23 to node 159, though there are multiple clades
within this section of the phylogeny from the Afrotropical and Australasian regions
(Figure 4a-c). The backbone branches from Node 159 to node 307 are all resolved as
Afrotropical, but there are many clades representing Indomalayan, Afrotropical,
Neotropical, and Australasian lineages. This arrangement of biogeographic distribution
indicates either the occurrence of major repeated invasions on a continental scale or that
most major lineages (clades) of mantises originated prior to continental splitting.
Estimated divergence times and confidence intervals for nodes that represent
monophyletic groups demonstrate that the origin of Mantodea occurred between ~183–
194 Ma (Figure 6). This places the split with cockroaches at the beginning of the Jurassic,
which is consistent with fossil evidence of ‘early’ Mantodea presented by Grimaldi

133

(2003) as well as his hypothesis of a Triassic/Jurassic timing of this split (Grimaldi,
1997). The earliest branch of Eumantodea, Chaeteessidae (Figure 4a), split from the rest
of the Eumantodea between 132 and 148 Ma (Table 7, Figure 6). This leaves
approximately 40 Ma between the origin of the order and the divergence of
Chaeteessidae, when the early fossil mantises all split from the rest of Mantodea in
accordance to Grimaldi’s phylogeny, which included Baissomantis maculata and
Baissomantis picta (135 Ma, Siberia, Gratshev and Zherikhin, 1993), Jersimantis (J.
burmiticus, 100 Ma, Myanmar, Grimaldi, 2002; J. luzzii, 90 Ma, New Jersey, Grimaldi,
1997), Chaeteessites minutissimus (85 Ma, Siberia, Gratshev and Zherikhin, 1993),
Burmantis (B. asiatica, 100 Ma, Myanmar, Grimaldi, 2002; B. lebanensis, 125 Ma,
Lebanon, Grimaldi, 2002), Electromantis sukatshevae (85 Ma, Siberia, Gratshev and
Zherikhin, 1993), Cretomantis larvalis (135 Ma, Siberia, Gratshev and Zherikhin, 1993),
Santomantis axelrodi (115 Ma, Brazil, Grimaldi, 2002), Cretophotina (C. mongolica, 125
Ma, Mongolia, Gratshev and Zherikhin, 1993; C. serotina, 90 Ma, Kazakhstan, Gratshev
and Zherikhin, 1993; C. tristriata, 135 Ma, Siberia, Gratshev and Zherikhin, 1993), and
Ambermantis wozniaki (90 Ma, New Jersey, Grimaldi, 2002).
An additional ~12 Ma passed until Mantoididae and Metallyticidae diverged from
the other Eumantodea in the Early Cretaceous between 121 and 136 Ma and 116 and 132
Ma, respectively (Table 7, Figure 6). Then, a major splitting event occurred between the
large Neotropical clade (node 24) and the rest of mantises between 111 and 126 Ma,
around the same time South America and Africa began to split apart (Table7, Figure 6;
Hay et al., 1999; Pitman et al., 1993). Subsequent to this event, the diversification of
most major lineages (large clades) of mantises occurred between 108 to 80 Ma, the same
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period when Gondwanaland was breaking apart (Hay et al., 1999; Pitman et al., 1993).
Between the early to middle Cretaceous until the Paleocene, most of the splits between
Afrotropical and Indomalayan clades occurred (nodes 69, 127, 153, 159, 166,184, 190,
204, 215, 226, 237, 246, and 263; Figure 6). The disparate distributions represented in
clade 203 and the relatively late divergences within this clade indicate that these lineages
diverged prior to continental isolation (Figure 6). India’s position during this same time
interval appears to be in close proximity to Africa, Madagascar and Antarctica until it
moved significantly northwestward by the beginning of the Paleocene (Hay et al., 1999).
Interestingly, a relatively late clade origin of Neotropical mantises (clade 320)
occurred around the K-T boundary (between 56 and 73 Ma), splitting from Indomalayan
and Australasian mantises (Figure 6). Additionally, the Australasian clade 93 appears to
have diverged between 88 and 100 Ma. The relatively late divergence event (node 180)
between the geographically disparate ground dwelling lineages of Nearctic/Neotropical
Amelinae (Litaneutria minor and Yersinia mexicana) and Afroasian Eremiaphilidae
occurred between 67 and 85 Ma (Table 7, Figure 4c, Figure 6). Late divergence events
(node 206, 208, 286, and 302) from Africa into Asia and then Australasia occurred when
the continental arrangement looked much as it does today (Figure 6).
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Discussion
Tree Searching
Parsimony analysis treating gaps in gene sequences as a fifth character state was
able to recover a topology that we could trust as a working hypothesis by the standards of
a thorough analysis. The fact that other methods, such as likelihood and Bayesian, were
incapable of recovering reliable topologies indicates that either they are unable to analyze
large data sets or something specific with our data presents these programs with
insurmountable problems. The solutions for this are unknown and go beyond the scope of
this paper’s investigations. However, it seems clear that programs will need to begin to
accommodate larger data sets as high throughput DNA sequencing becomes more widely
used.
Mixed model Bayesian analysis resulted in the most interesting and peculiar
behaviors exhibited by a program within this study. The reasons for non-convergence of
Bayes runs are unclear and should be investigated more thoroughly, but the fact that we
could not recover a reliable topology using a comparatively thorough search strategy
demonstrates the limitations of the program and/or the specific problems presented by the
Mantodea molecular matrix. Perhaps running the program for longer would improve the
programs’ ability to converge across independent runs, but this can become costly when
searching large data sets. Further investigation into the effects of changing specific
parameters, such as increasing the number of chains within each run, may also yield
better results. Whatever the findings of such an investigation, Bayesian derived
topologies were considered with suspicion in this study.
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The low bootstrap and decay index values recovered across most of the backbone
and deep nodes were troubling, but this is actually a common occurrence in higher-level
investigations of insect phylogeny (Terry and Whiting, 2005). The reasons for low values
within Mantodea are unclear, but may indicate a rapid diversification within the order.
Additionally, the short branch lengths that in most cases correspond to low nodal support
values suggest that rapid divergence may obscure or confound our ability to ever resolve
these nodes with high measures of support.

Taxonomic Congruence
The extensive paraphyly across higher-level mantodean relationships recovered
by phylogenetic analysis suggests that current higher-level classification is largely built
on homoplasious characters. These results are congruent with our previous molecular
analysis that demonstrated that most of the included groups were paraphyletic (Svenson
and Whiting, 2004). The fact that nearly all of these relationships were preserved even
after the addition of a nearly six fold increase in taxon sampling and four new gene loci,
adds confidence that the molecular data are behaving consistently and are capable of
accurately recovering mantodean relationships. Incongruence between classification
schemes and the plasticity of group composition within these organizations is indicative
of the lack of morphological clarity that taxonomists have dealt with in diagnosing
natural groups (Beier, 1964, 1968; Ehrmann, 2002, Giglio-Tos, 1927; Otte and
Spearman, 2005; Svenson and Whiting, 2004). The morphological evidence that built
these classifications was never analyzed using cladistic methods. As is the case in many
other orders of insects, ‘key characters’ that do not reflect phylogeny are largely
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responsible for delimiting the groups. A formal analysis of coded morphology would
likely reveal a greater congruence between morphology and molecules than classification
currently indicates. The pervasive occurrence of paraphyly across all levels of Mantodea
classification demands a close examination of morphological character systems.
With only seven families and 16 subfamilies recovered as monophyletic,
phylogenetic evidence overwhelmingly demonstrates the need for major revision within
the order. Interestingly, all of the monophyletic families that were recovered in this
analysis are small groups with on average six genera and 36 species. These groups
exhibit key morphological features autapomorphous to each clade, revealing that in many
cases taxonomists were able to correctly diagnose groups. In fact, lower-level
classification appears to be very congruent with our phylogeny since generic monophyly
is consistent across the phylogeny, with only a few exceptions (Figure 4a-d). In contrast,
paraphyletic families are dominated by larger groups with on average 49 genera and 255
species. The largest family, Mantidae, contains 42% of the genera and nearly half of the
described species and appears to be the most grossly polyphyletic group, it is recovered
in 21 positions across the phylogeny (Figure 4a-d). Roy (1987) noted that Mantidae has
typically served as a taxonomic dumping ground for superficially similar subfamilies
without strong identifying morphological characteristics and even advocated elevating a
number of the more definable groups to familial status. Similarly, Thespidae was
recovered as polyphyletic with taxa united merely by superficial similarity in body form
and terminal forecoxal morphology. Consequently, it is not surprising that these larger
groups defined by weak synapomorphies are paraphyletic. However, the paraphyly
among large and small groups alike that exhibit autapomorphic features is demonstrated
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repeatedly by our phylogeny (e.g. Acromantinae, Amelinae, Amorphoscelidae,
Hymenopodinae, Liturgusidae, to name just a few). This indicates that character
convergence may be the most important factor confounding natural classification. The
plasticity of morphology demonstrated by the immense variation within Mantodea has
apparently given great leeway in the forms that have evolved. Therefore, it is also not
surprising that independent lineages of mantises would converge on the same
morphological strategy whether by chance or in response to a similar selective pressure.
It is clear from our results that without modern methods of character coding and cladistic
analysis, the reliance on certain key characters has allowed higher-level mantis taxonomy
to be confounded by morphological convergence.

Biogeographic Patterns
The incidence of extensive paraphyly and morphological convergences across
Mantodea is easily explained by our phylogeny’s closer adherence to biogeographical
distribution than to current classification. By investigating the distribution of taxonomic
groups on the phylogeny in light of biogeographic regions we can see that nearly all
current classification groups with a multi-regional distribution, excluding
Amorphoscelinae and Empusidae, are recovered as paraphyletic (Table 2, Figure 4a-d).
Furthermore, component lineages of these groups are recovered within clades reflecting
their respective geographic distributions. This has resulted in the overwhelmingly
common pattern across the phylogeny in which paraphyletic assemblages of taxa are
recovered within clades representing a single geographic region. Therefore, we can safely
assume that taxonomists have classified these groups based on character systems that
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were derived by independent lineages that have evolved within a larger regionally
restricted diversity of mantises. The incidence of so many convergences among
regionally separate groups is amazing and would suggest that mantis specialization must
have occurred after these lineages were isolated from each other.
Our analysis also recovered a number of clades comprised of a diversity of taxa
representing a broad selection of geographical regions. This suggests that certain lineages
of mantises, such as those in clade 160 (Figure 4c), were highly successful at dispersal
and morphological diversification. In many cases, the taxa within clade 160 are
components of larger paraphyletic groups (e.g. Tarachodinae and Vatinae), suggesting a
great deal of character convergence exists with taxa from other clades, but it is clear that
the greatest taxonomic composition of this clade is comprised of unique lineages that
exhibit extremely variable morphology. For example, recovering Toxoderidae,
Eremiaphilidae, Compsothespinae, Rivetinini, and Schizocephalinae (to name just a few)
is surprising when considering that each of these groups is morphologically adapted to a
very specific and different habitat. Eremiaphilidae are cursorial mantises inhabiting
deserts, Compsothespinae are strikingly adapted for grass habitats, and Toxoderidae are
extremely modified creatures that dwell in dense rainforests. Therefore, not only has
character convergence rendered clades such as 160 to be composed of paraphyletic
assemblages of taxa, but the drastic morphological incongruence among these lineages
has prevented taxonomists from recognizing their shared ancestry. This same pattern can
be seen with clade 63 (Figure 4b) in which lineages currently comprising part of
Iridopterygidae, Amorphoscelidae, Liturgusidae and Tarachodidae are all recovered
together.
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The last pattern of distribution recovered in our analysis is illustrated by taxa
within clade 24 (Figure 4a). All exemplars of the Neotropical Oligonicinae are nested
within clade 26, but the inclusion of Pseudomiopterigini and the Neotropical portion of
Thespinae rendered the group as paraphyletic. Similarly, all Photininae are recovered
within clade 51, but the inclusion of the Neotropical Liturgusidae rendered this group
paraphyletic as well. Therefore, it appears that a number of currently recognized families
and subfamilies contain taxa that are morphologically divergent, but also highly
convergent with taxa nested within other clades. Taxonomists have correctly recognized
the presence of character systems that unite such groups as Photininae, but were not able
to identify these synapomorphies within the divergent Liturgusidae. Thus, even at the
level of small subfamilies distributed within a single biogeographic region, character
convergence has confounded the classification of the group.
It is evident from the three patterns discussed that taxonomists have had a difficult
time deciphering the relationships among higher-level mantodean groups since almost
every clade is comprised of taxa showing morphological convergences with taxa nested
in other clades. Based on the close adherence of biogeographic distributions to the
phylogeny, it is evident that taxonomists have selected morphologically similar taxa from
areas across the globe and grouped them together. The convergences of these groups and
the distributional composition of the clades indicate a complex evolutionary history for
the group. Our results suggest that most major clades became established prior to the
isolation of biogeographic regions. Subsequent to this isolation each lineage diversified
into similar environments causing major convergence between phylogenetically disparate
groups. The creation of repeated origins of mantises specialized for the same
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environments within their respective biogeographic region can be summarized as
ecomorphic convergences. Therefore, the specialization for similar environments has
spurred the emergence of certain classes of ecomorphs within each region.

Examples of Major Ecomorphic Convergences
Some of the most striking examples of paraphyly among geographically disparate
groups are those of Liturgusidae, Angelinae, and Vatinae. The Liturgusidae are known as
‘bark mantises’ and all share a femoral pit in which the terminal medial tibial spine
inserts. Other shared characteristics of the group include their dorso-ventral flattening,
bark mimicking camouflage, long laterally extended mid- and hindlegs, and compact
raptorial forelegs (Figure 5a). The recovery of the group in four positions in the mantis
phylogeny demonstrates the polyphyly of the family and also illustrates that this
ecomorphic type originated within four different geographic regions. Therefore, the body
form of bark mantises and the specific morphological characters used to delimitate the
group are convergent. These features, along with their habitat selection and behavior all
indicate that Liturgusidae represent a specific ecomorph. The environmental selection
imposed on mantises living on tree trunks and branches must be immense. It is not
surprising that the invasion and adaptation to this environment by independent groups
would spawn such convergences in morphology. Since tree trunk habitats are common
across the planet it is also not surprising that these bark mantises have been derived more
than once. Amazingly, in both the Neotropics and the Afrotropics a larger, broader body
form evolved (Theopompella- Afrotropical, Hagiomantis- Neotropical) along with a
much smaller and more slender body form (Dactylopteryx- Afrotropical, Liturgusa-
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Neotropical) (Figure 5a). Therefore, not only is there convergence for the bark mantis
ecomorph, but there is also convergence in the subsequent specialization within bark
mantises. Taxa within Angelinae exhibit a similar distributional pattern with Neotropical,
Indomalayan, and Afrotropical examples (Figure 5b). Their long prothorax, legs, and
abdomen are all presumed adaptations to living around the bases of small branches in
either large trees or small saplings. Their classification together indicates similarity in
morphology, but they also represent a convergent ecomorph originated within different
biogeographical regions. Similarly, the Vatinae, characterized by the presence of leg
lobes, lateral denticles on the prothorax, and the posterior tibia with dorsal keels, appear
as an ecomorph derived three times in the Neotropics, Afrotropics, and Indomalayan
regions (Figure 5c).
A clade including the ‘flower mantises’ appears to exhibit ecomorphic
convergences as well as groups diagnosed by sympleisiomorphic characters (clade 210;
Figure 4c, Figure 7a). For instance, the paraphyletic subfamily Hymenopodinae is
recovered within clade 210, as well as outside flower mantises (Figure 4c-d, Figure 7a).
The morphological similarities shared between clade 215 Hymenopodinae and the
outlying Galinthias, Pseudoharpax, and Congoharpax are striking, but the deeply
emarginated vertex of the head and the presence of leg lobes that characterizes the
subfamily appear to be convergent. The fact that the Neotropical Acanthopidae also
exhibit these same features and have long been classified with Hymenopodidae (Beier,
1964) until recently (Ehrmann, 2002; Roy, 1999) suggests that these characters originated
multiple times across a broader range of Mantodea. Since many of the taxa within
Acanthopidae, clade 215 Hymenopodidae, and the outlying Hymenopodinae exhibit

143

cryptic lifestyles (e.g. Hymenopus- the ‘orchid mantis’, Acanthops- the ‘dead leaf
mantis’, and Creobroter- the ‘flower mantis’), it is not at all surprising that a similar body
morphology would originate, which consequently confounded classification. The
recovery of Phyllotheliinae within the flower mantis clade suggests that this lineage
diverged significantly from other flower mantis taxa while converging on characters
exhibited by the family Mantidae, within which they are currently included (Ehrmann,
2002). Sibyllidae, which is nested close to Phyllotheliinae within clade 210, has close
morphological affinity with other flower mantises (e.g. large process on vertex of head
and lamellar expansions on legs). Closer investigation will likely reveal strong
synapomorphies uniting these groups with the rest of flower mantises. The morphological
explanation for the paraphyly of Acromantinae is unclear, but it could be based on
taxonomic diagnosis using sympleisiomorphic characters. For example, the subfamily is
characterized simply by the absence of many of the characters used to diagnose
Hymenopodinae (e.g. Hymenopodinae- emarginated vertex of head, Acromantinae- eyes
in line with vertex of head; Hymenopodinae- frontal sclerite raised with lateral wing
shaped keels, Acromantinae- frontal sclerite moderately raised with tubercles, but never
with wing shaped keels; etc…). Therefore, the members of the subfamily may have just
retained features that characterize the entire family Hymenopodidae while other lineages
diverged from them. Interestingly, a seemingly obvious character similarity between
Hestiasula/Ephestiasula and the taxa of Oxypilinae (e.g. presence of foliaceus lobes on
the forefemora and pronounced head processes) support the placement of these
Acromantinae within clade 235, but why this relationship was not previously recognized
is unclear (Figure 4c, Figure 7a).
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The origins of mantises specialized to utilize grass habitats appear to be a
repeated event in Mantodea evolution. Compsothespinae- Compsothespis,
Schizocephalinae- Schizocephala, Oxyothespinae- Oxyothespis, IdolomorphiniIdolomorpha, Angelini- Leptocola, and many Tarachodinae- Galepsus and Pyrgomantis,
all exhibit modifications that appear to be linked with living in grass habitats (Figure 7b).
A lengthened profile, camouflage coloration, the ability to ‘hug’ tight to grass stalks, and
in many cases pointed eyes or a lengthening of the head all enable members of these
groups to effectively disappear in grass. However, these mantises are variable enough in
their morphology to recognize their independent origins, though it is remarkable that
grasslands were invaded independently at least four times (Figure 7b). Therefore, it
seems that grasslands have spurred diversification and ecomorphic specialization within
many lineages of Mantodea.
Contrary to the prevalence of ecomorphic convergences throughout Mantodea, a
unique combination of taxa that defies explanation can be seen within clade 153 (Figure
4b, Figure 8). The species within this clade are incredibly diverse morphologically and
utilize very different habitats. For instance, Haania lobiceps inhabits high altitude moss
forests in Borneo, while species of Hoplocorypha have been primarily collected subSaharan savannas. Further, Pseudothespis meghalayensis lives in high altitude grasslands
in northeastern India where it was collected. The relationship among these taxa is
surprising, but adds evidence to the morphological plasticity of Mantodea. One would
assume that morphology would be constrained by phylogeny, but groups like this and the
prevalence of ecomorphic convergences illustrate the problems faced by taxonomists
trying to delimitate groups based on this morphology.
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When and Where Mantodea Evolved
With the very first Mantodea appearing in the early Jurassic period, as indicated
by our divergence time estimates (~183–194 Ma, see Table 7, Figure 6), the question
becomes where did it happen? Approximately 200 Ma the planet was composed of two
major continental conglomerates known as Gondwanaland and Laurasia (Figure 6). The
fact that we recovered two Neotropical mantis groups (Chaeteessidae and Mantoididae)
as the earliest branching lineages would suggest that all ‘early’ Mantodea originated
within Gondwanaland (Figure 4a). However, both the phylogenetic position of the
Indomalayan Metallyticidae and the fossil record indicate that early mantises had a global
distribution (Figure 4a). It may be plausible that Metallyticidae originated within
Gondwanaland and was subsequently transported to its current distribution within
Southeast Asia, but this would require the group to vanish from the rest of the
Gondwanan continents. Additionally, the locations and dates of fossils provide the most
compelling and perhaps conclusive evidence for a globally distributed early Mantodea.
Some of the earliest known fossils of Baissomantis, Cretomantis, and Cretophotina were
discovered in Siberia from 135 Ma old rock strata (Gratshev and Zherikhin, 1993). Also,
100 and 90 Ma examples of Jersimantis were found in both the United States and
Myanmar (Grimaldi, 1997, 2002). Other fossils dating between 85 and 125 Ma were
unearthed in Kazakhstan, Lebanon, Mongolia, and Brazil (see list of fossil Mantodea in
Results section). Therefore, the presence of mantis fossils as much as 135 Ma in Eurasia
and South America indicates that the current distributions of the early branching
Chaeteessidae, Mantoididae, and Metallyticidae reflects the general pattern of global
distribution exhibited by early Mantodea rather than providing evidence for a
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Gondwanan origin. This conclusion is based primarily on the current distribution of
Metallyticidae, which diverged prior to the breakup of Gondwanaland, and which along
with Chaeteessidae and Mantoididae exhibits pleisiomorphic characters that point to its
closer association with ‘early’ Mantodea (Figure 6; Klass, 1997; Grimaldi, 2003).
The phylogenetic position of the early Mantodea all fall outside of the
Eumantodea (Grimaldi, 2003) and presumably evolved and diverged during the ~40
million year period of the Jurassic (Figure 6). The emergence of the Eumantodea at the
beginning of the Cretaceous was marked by the divergence of Chaeteessidae from the
rest of Mantodea at ~137 Ma followed by Mantoididae and Metallyticidae (Table 7,
Figure 6). With these three lineages adhering to the distributional patterns of early
Mantodea and not providing conclusive evidence for where mantises emerged, we look to
later divergences within the order for a clear biogeographic pattern that explains the
current distribution of extant Mantodea.
Between ~114 and 129 Ma during the Early Cretaceous we see the next major
divergence event within Mantodea between a Nearctic and Neotropical clade with the
remaining Indomalayan, Afrotropical, and Australasian taxa (node 23, Table 7, Figs 4a,
6). This divergence, which sparked the diversification of two massive lineages of
mantises, occurred around the same time that South America was in the process of
breaking apart from Africa (~120 Ma; Figure 6; Maisey, 2000; Pitman et al., 1993). This
event would have created a great divide between the two continents and spurred the
subsequent isolation that allowed the Neotropical clade to diverge from the rest of extant
Mantodea. Since both clades appear to be Gondwanan in origin and there is an extremely
close association between the dates of the South America/Africa breakup and the
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divergence of these clades, it is concluded that Eumantodea, excluding Chaeteessidae,
Mantoididae, and Metallyticidae, is a Gondwanan lineage (clade 23, Figure 6).
The primarily Neotropical clade (24) indicates its South American origin while
the Indomalayan resolution of backbone branches between nodes 23 and 159 would
suggest that mantises within clade 62 originated within Indomalaysia and spread into
Africa and Australasia (Figure 6). However, the position of the Indian subcontinent in
close association with Africa, Antarctica and Australia until the beginning of the
Paleocene (Pitman et al., 1993) is integral in decoding the origins of these taxa and
accounts for the pervasive mixing of Indomalayan and Afrotropical clades. When looking
at the current taxon distribution we can see that every Indomalayan clade contains
exemplars from India (Figure 9). Further, nearly every one of these clades recovers
Indian species as either the earliest branching taxon or as sister group to Southeast Asian
species (Figure 9). Therefore, we deduce that most of the current taxonomic
representation in Indomalaya can be traced back to an Indian origin. Since India is a
Gondwanan continent and did not drift very far north until the Late Cretaceous, we can
conclude that clade 62 originated on the closely associated landmasses of Eastern
Gondwanaland: Africa, India, Antarctica and Australia. The resolution of the backbone
branches between node 23 and 159 as Indomalayan (Figure 4a-c) only reflects taxon
sampling and since the Indian subcontinent is a Gondwanan, these branches can really be
resolved as such (Figure 6).
Over the next ~40 million years it is difficult to detect the specific pattern in the
biogeography of mantis diversification that was taking place within clade 62, but we can
observe that most major lineages (large clades) were established by the middle of the
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Late Cretaceous (80 Ma). The biogeographical sorting that did occur was most likely the
result of the continental movements between Africa, Madagascar, India, Antarctica, and
Australia (Pitman et al., 1993). For example, most Afrotropical and Indomalayan clades
diverged from each other prior to ~70 Ma (Figure 6). This would indicate that as Africa
moved away from India and Antarctica, enough continental isolation was created to allow
accumulation of divergences between the lineages. However, we can see that there was
no single divergence between African and Indian taxa, but many divergence events
across the major lineages, thus creating two large paraphyletic assemblages of taxa on
Africa and India alike. Overall, the pattern of lineage diversification between ~123 Ma
and 70 Ma appears to be associated with the separating continents of Gondwanaland. As
seen with Indomalayan backbone branches (Figure 4b,c), the Afrotropical resolved
branches present in deeper clades (Figure 4c,d) should really be resolved as Gondwanan
since these lineages were diverging from Gonwanaland taxa prior to and during
continental splitting. Therefore, all branches thought to represent lineages of Gondwanan
mantises previous to specific biogeographic divergences are resolved as such (Figure 6).
This pattern creates a certain level of confusion in the process of tracking the
specific origins of these Mantodea lineages, but is remarkably interesting because it
suggests a rapid diversification prior to and during the separation and isolation of Africa,
Antarctica, Australia, and India. In fact, branch lengths and branch support values suggest
the same occurrence (Table 6, Figure 4a-d, Figure 6). The cause of this rapid radiation is
unclear, but may be associated with the major diversification of angiosperms in the midCretaceous (Crane, 1993; Crane and Lidgard, 1989; Crane et al., 1995; Lidgard and
Crane, 1990; Scott et al., 1960; Wing et al., 1993) as demonstrated with various other
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insect groups (Dilcher, 2000; Labandeira, 1998; Labandeira and Sepkoski, 1993;
Labandeira et al., 1994; Ren, 1998; Takhtajan, 1969). The diversification and increased
abundance of other insect groups would have created ample food supply for the entirely
predatory Mantodea. New habitats and life strategies associated with angiosperm
diversification could also have spurred an increase in praying mantis diversity. The
location of angiosperm emergence remains unclear, but fossil evidence indicates a more
tropical origin in the Early Cretaceous and the eventual establishment in polar regions by
the Late Cretaceous (Axelrod, 1959; Takhtajan, 1969). Whether this tropical center was
within Southeast Asia as argued by Takhtajan (1969, 1987) or Gondwanaland, which
Audley-Charles (1987) later suggested, the correspondence of the diversification periods
between angiosperms and Mantodea would suggest an association.
Clade 159 is comprised of taxa representing Indomalayan, Afrotropical,
Australasian, Nearctic, and Neotropical regions and is nested deep within the mantis
phylogeny (Figure 4c-d). The biogeographic representation and divergence times within
this clade led us to conclude that this group must have diversified prior to the isolation of
all Gondwanaland continents (Figure 6). The key to deciphering the events that led to the
composition of clade 159 lies with the positioning of Antarctica relative to other
Gondwanan continents during the Cretaceous and Paleogene. It is known that
immediately following the breakup of Gondwanaland that South America,
Madagascar/India, and Australia maintained a connection with each other via Antarctica
(Hay et al., 1999; Pitman et al., 1993). Madagascar/India broke its connection with
Antarctica during the Late Cretaceous (~80 Ma; Noonan and Chippindale, 2006) while
Australia maintained this link until the beginning of the Eocene (~50 Ma; Vizcaíno et al.,
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1998). South America remained connected to Antarctica through its southern tip until the
late Eocene (~35 Ma; Vizcaíno et al., 1998). The biological connections between these
regions via Antarctica have been demonstrated for Madagascan reptiles (Noonan and
Chippindale, 2006), including dinosaurs (Sampson et al., 1998). Antarctica and
Madagascar/India maintained a terrestrial connection even though India was beginning its
rapid movement towards Asia (Hay et al., 1999; Noonan and Chippindale, 2006).
Further, the connection between South America and Australia over this period provided
the conduit for the dispersal of marsupials. With marsupial origins in North America
around 80 Ma and their subsequent appearance in South America during the later parts of
the Cretaceous, the Antarctic connection became the main route that allowed for their
invasion of Australia. Vizcaíno et al. (1998) stated that after the first marsupials appeared
in Antarctica during the Eocene they could have followed the Nothophagus vegetation
belt all the way to Australia. Therefore, we see clearly viable dispersal paths between
Antarctica and Madagascar/India, South America and Australia that may have been
utilized by diverging mantis lineages within clade 159.
With the movement of Africa northward from Antarctica, Afrotropical and
Indomalayan divergences were accelerated during the mid-Cretaceous (Figure 6) leaving
a great many lineages behind on the Madagascar/India and Antarctic landmass.
Therefore, by ~70 Ma most of the Afrotropical lineages were established, but the lineages
left behind continued to diverge between Madagascar, India and other regions. As
Madagascar/India separated from Antarctica by the end of the Cretaceous, additional
Afrotropical lineages diverged from Indomalayan taxa and presumably rode Madagascar
to Africa for a late introduction onto the mainland. Unfortunately, our taxon sampling
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from Madagascar is almost nonexistent, but the position of Tarachomantis caldwellii as
sister to the sub-Saharan Sphodromantis exemplars adds evidence to the important role
that Madagascar may have played in the late emergence of Afrotropocal clades.
Additional sampling from Madagascar will undoubtedly uncover a more complex history
of these taxa. During this same period, invasions of both South America and Australia via
Antarctica established the lineages of Choeradodinae (~74–92 Ma), Orthoderinae (~59–
77 Ma), and clade 308/clade 320 (~56–78 Ma). The geographic origins of these invasions
are not clear, but it is more than likely that Antarctica played an important role as seen in
the marsupial migration from the Americas. Interestingly, an earlier invasion of Australia
occurred in the mid-Cretaceous (~88–100 Ma) and may have utilized the same Antarctic
connection, which allowed Indian ancestors to cross over to Australia (clade 93; Figure
6). The emergence of the Neotropical Choeradodinae during the Late Cretaceous from an
Antarctic regional position into South America is contradictory to the 60 Ma fossil
specimen of Prochaeradodis enigmaticus unearthed in France (Nel and Roy, 1996). This
indicates a wider distribution for the subfamily than exhibited by the extant taxa and adds
an enigmatic puzzle as to how the subfamily could have been present in Eurasia, a
Laurasian continent, during the Late Cretaceous. Perhaps early lineages of
Choeradodinae dispersed into Madagascar and subsequently into Africa in order to later
invade Europe before becoming extinct in these regions. Therefore, a larger trend of
lineage sorting through extinction events may explain much of the biogeographic patterns
that we see in our phylogeny.
As the Indian subcontinent drifted rapidly north it severed ties with Antarctica and
Madagascar while serving as a massive raft for mantises that previously diverged from
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other Gondwanan lineages. The collision with Asia (~50 Ma) introduced the paraphyletic
Indian lineages to the rest of Asia, which initiated diversification within the continent.
Since most Asiatic groups are recovered as sister to or nested within Indian mantis clades
(Figure 9), it appears that nearly all modern Asian mantises are derived from the lineages
that rode the subcontinent across the Indian Ocean. However, there are a number of later
divergence events between Afrotropical and Indomalayan clades that would also suggest
secondary invasion into Asia when Africa drifted close enough to Eurasia by the
beginning of the Paleocene. For example, the largely Afrotropical Empusidae have
spread into Afroasian and Indomalayan territory between ~40 and ~60 Ma. Furthermore,
it also appears that a number of Indomalayan taxa are closely associated with
Australasian taxa, but poor taxon sampling and the relatively recent divergences of these
groups prohibit us from tracking exactly what may have occurred (e.g., clades 289, 303,
and 308; Figure 4d, Figure 6). It is likely that when Australia moved into contact with
Southeast Asia lineages were exchanged between the two regions (e.g. Hierodula and
Statilia; Figure 4d).
Within clade 204 (Figure 4c, Figure 6, Figure 7a, Figure 9) we see an early
divergence between clade 205 (Empusidae) and clade 210 (flower mantises) between
~81–98 Ma. Subsequently, Empusidae resided entirely within Africa, but later invaded
Eurasia, while the other flower mantises became established in India. However, there are
four subsequent divergences between Indomalayan and Afrotropical taxa within clade
210. These divergence events all happen between ~80 and ~65 Ma, which would be some
of the last divergences between these two regions before India became sufficiently
isolated. As seen in other Indomalayan lineages, Asian taxa are nested within or sister
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group to Indian taxa (Figure 9). This pattern indicates that even the later diverging
Indomalayan flower mantis groups can all be traced back to a Gondwanan ancestor.
These divergences created multiple clades within flower mantises with both Indomalayan
and Afrotropical groups (Figure 3c). Subsequently, each Indomalayan clade diversified in
Asia from a paraphyletic introduction of flower mantises into the continent. Afrotropical
flower mantises appear to remain within sub-Saharan Africa and did not invade any other
continents.
The Neotropical Yersinia and the Nearctic Litaneutria diverged from the
Afroasian Eremiaphilidae between ~67–85 Ma, a date that is by our estimates too late for
a divergence event caused by the breakup of South America and Africa (clade 180;
Figure 6). The sister clade to Eremiaphila+Yersinia+Litaneutria contains taxa from the
Afrotropics and Indomalayan regions (Figure 4c) indicating that clade 180 diverged from
taxa that share exemplars between other Gondwanan continents. The reasons for the
position of clade 180 remain unclear, but the habits and morphology shared among the
taxa represented within the group add strength to the relationship. For instance, all
species have a reduced ability to fly and spend almost all of their lives living within
ground habitats. Perhaps their current distribution was the result of a combination of
dispersal events into South America and Africa/Madagascar/India, as discussed with
clade 262. However, Eremiaphilidae would then be required to become extinct in both
India and/or Africa to reflect their current Afroasian distribution. Another explanation
exists that appears to be more in line with the current distributions of this clade. Recently,
a marsupial fossil tooth (Maastrichtidelphys) was discovered in the Netherlands, which
places the lineage in Europe during the Late Cretaceous (Martin et al., 2005). The
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marsupial lineage was common during this time in North America as well, but it has
always been assumed that marsupials made it to Europe during the Eocene via the
Beringia, Thulean, or the De Geer land bridges as demonstrated with other plant and
animal groups (Davis et al., 2002; Dawson et al., 1976; Dawson, 2001; Estes and
Hutchison, 1980; Tiffney, 1985). The discovery of this tooth places the lineage in Europe
much earlier than previously thought, which indicates the presence of a land bridge to
allow for transatlantic crossings during the Late Cretaceous. Martin et al. (2005) also
point to the favorable conditions that may have allowed for such dispersal via a land
bridge. For instance, around 71–75 Ma, when see levels were particularly low, a dry land
bridge via Canada, Greenland, and Great Britain was formed in addition to summer
temperatures that would have been high enough to allow such crossings. Additional
corroboration for the presence of such a land bridge and the occurrence of transatlantic
crossings comes from the presence of Cretaceous snake remains in northwest Europe that
show similar morphology to North American boas, the presence of the primarily North
American hadrosaur (duck-billed) dinosaurs in Netherlands fossil deposits, and the
discovery of a Cretaceous bone fragment of the North American Dryptosaurus in Europe
(Antunes et al., 1986; Laurent et al., 2002; Rage, 1978). Such a land bridge would have
permitted a possible invasion of mantises into North America from Europe/Africa, which
subsequently spread into the Neotropics. Perhaps these Amelini diverged from
Eremiaphilidae during an invasion of Europe or prior to such an invasion, then after
crossing the land bridge into North America extinction events would explain their current
absence from Afroasia and Europe. The southeastern part of North America during the
Late Cretaceous and early Paleocene was a moist and warm place (Stewart and Rothwell,
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1993) and would have been habitable by these mantises. Such an invasion may be
accomplished through flight and/or crossing a land bridge that connected the regions.

Conclusions
The extensive paraphyly in traditional classification uncovered by the mantis
phylogeny demonstrates that Mantodea has evolved in a much more complex way then
previously thought. The origins of praying mantises can be traced back to the beginning
of the Jurassic with the subsequent emergence of modern Eumantodea (extant mantises)
occurring near the beginning of the Cretaceous. The order began with a worldwide,
Pangean, distribution, but the vast majority of modern Mantodea lineages originated on
Gondwanaland continents during the Cretaceous. When South America split from Africa
it caused a great divergence within modern mantises that created separate massive
radiations in both South America and the rest of Gondwanaland. As the emergence of
angiosperms gained momentum, the Mantodea diversified, thus establishing most of the
major lineages by the middle of the Late Cretaceous. By the end of the Cretaceous the
Gondwanaland continents had moved far enough apart to finalize the isolation that had
driven numerous divergence events among the major lineages of mantises. In fact, most
divergences between Afrotropical and Indomalayan lineages resulted from the slow
dissociation between Africa and the Indian subcontinent. Our results also suggest that
Antarctica played an important role as a migrational conduit during the diversification of
some Afrotropical and Indomalayan lineages. Further, Antarctica facilitated the repeated
invasions of South America and Australia prior to the separation of these two continents
from Antarctica during the Eocene. Subsequently, Afrotropical mantises diversified and
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largely remained in Africa until the continent came into contact with Europe and Asia
during the Late Cretaceous. Radiations from northern Africa invaded Asia and possibly
the Americas via a northerly land bridge during the Late Cretaceous. Meanwhile, India
carried a massive assemblage of mantises that diverged before and after the subcontinent
drifted away from Antarctica. When India slammed into Asia around 50 million years
ago, it released a flood of mantises into Asia and Southeast Asia that diversified and
currently comprise the largest component of Indomalayan taxa. By the Miocene when
Australia moved into position to share taxa with Southeast Asia, there was a mixing of
species into and out of Australasia. Although anomalies in the biogeographic pattern
exist, we may explain some of the current distribution of mantises with the occurrence of
extinction events. These regional extinctions may have created lone relict taxa that
emerged early in mantis evolution only to have the closely related taxa disappear, thus
placing them as sister taxon to a distantly distributed species.
All throughout the breakup of Gondwanaland mantises were diversifying and
specializing. Based on the pervasive mixing of geographic distributions displayed by the
current phylogeny it can be concluded that mantises diverged in close association with
continental splitting and subsequently specialized in isolation on their respective
Gondwanan landmasses. Further, all of the six continents that currently retain mantis
diversity exhibit paraphyletic assemblages of taxa. The specialization of lineages spurred
repeated ecomorphic convergences between disparate groups as they invaded similar
habitats on their respective continents. This convergence proved to govern mantis
taxonomy and has resulted in the construction of numerous unnatural groups based on
homoplasious key characters. The construction of groups based on similarity, without
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modern cladistic methods and character coding, confounded classification because of the
striking convergences exhibited between paraphyletic ecomorphs. Therefore, it is not at
all a surprise that molecular evidence is at such odds with taxonomy and more congruent
with biogeographic distribution. The origins, secondary invasions, and regional
extinctions have created an order of insects with a complex distributional and
evolutionary histories. There are still questions that demand attention, but this study
establishes a starting point in discovering the entire story of historical mantis evolution.
Further, a major taxonomic revision causing the reorganization of nearly every group is
required to accurately reflect phylogeny.
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Figure Captions
Figure 1a-d. Hypotheses of early branching relationships among Chaeteessidae,
Mantoididae, Metallyticidae, Amorphoscelidae, and Eremiaphilidae. a) Early mantis
grouping based on length of prothorax (Beier, 1964); b) Molecular analysis including
only two of the five families, (*) denotes that ‘Other Mantodea’ are paraphyletic
(Svenson and Whiting, 2004); c) Early branching order derived from male genitalic
characters (Klass, 1997); d) Early branching order derived from analysis with fossil
mantises (Grimaldi, 2003).

Figure 2. The gene map of NADH dehydrogenase subunit 4 (ND4) and its two flanking
genes (ND4L and tRNA-H) showing optimized primers and their start positions based on
the mtGenome of Tamolanica tamolana (GeneBank accession #- NC_007702). The gene
map is presented in accordance to the coding sequence of ND4, thus opposite the
direction of the mtGenome. Therefore, primers listed above the gene are considered
‘forward’ and primers listed below are considered ‘reverse’. Vertical bars shaded with a
grey gradient are regions in the gene identified to have amino acid insertions/deletions
across the diversity of Mantodea. ND4 primer names are abbreviated from those listed in
Table 3.

Figure 3a,b. Mixed model Bayesian likelihood plots for the performed analyses.
Individual Bayes runs within each analysis are indicated by their own colored plots. Start
positions of each plot begin after the start of analysis to retain greater detail by avoiding
drastically higher likelihoods from early generations. Graphic plots represent: a)
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GeneParts Analysis- 4 independent runs for 20 million generations; b) CodonParts
Analysis- 4 independent runs for 20 million generations.

Figure 4a-d. Mantodean phylogeny recovered from a nine-gene molecular matrix
(9.8kbs) analyzed under parsimony treating gaps as a 5th character state (cost = 118799,
RI = 0.487, CI = 0.096). Tree topology is parsed into sections in accordance to the
reduced horizontal tree denoting four boxes labeled 4a through 4d. Nodes are numbered 1
through 341 and correspond to branch support values given in Table 6. Nodes with values
falling above the ‘high value threshold’ (decay index ≥ 10 and bootstrap value ≥ 0.70) are
bold, while those falling below are represented in italics with parentheses.
Biogeographical information is mapped on the topology in accordance to the regional
definitions given in Table 1 and the data presented in the Appendix (color coding in
legend on 4a). (*) denotes a monophyletic group.

Figure 5a-c. Phylogenetic positions of globally distributed taxonomic groups. Images of
body form are shown for exemplar taxa from each biogeographic region (colored boxes
in accordance to Figure 4). 5a) Liturgusidae- the species representing four regions
indicate four independent origins of bark mantises, 5b) Angelinae- the three
morphologically similar species from three regions demonstrates the convergence of the
extended body form, 5c) Vatinae- three tribes (Heterochaetini, Danuriini, and Vatini)
from three regions indicate the use of homoplasious characters used in the classification
of the subfamily.
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Figure 6. Chronogram of mantis evolution showing divergence times and 95%
confidence intervals (shaded gray bars) for each represented node. The nodes are
numbered corresponding to Figure 4a-d. The three circled nodes, 13, 18, 283, denote the
fossil calibration points used in divergence time estimation. A 240 million year time scale
is provided with tight scaling at the base of the chronogram. Geological age and images
of paleogeographic composition are provided to correlate mantis divergence events with
continental positions. Biogeographical information is mapped on the topology and color
coded as in Figure 4. Branches thought to represent Gondwanan taxa prior to
biogeographic divergence events are colored gray. A black star near the base of the
chronogram indicates the presumed branch along which fossil mantises recovered from
Cretaceous strata diverged from the rest of Mantodea during the Jurassic.

Figure 7a-b. Images of representative mantis genera. 6a) Flower mantises from clade 210
that illustrate the diversity within a major lineage of Mantodea. 6b) The grass mantis
ecomorph has evolved at least four times, mostly in the Indomalayan and Afrotropical
regions. Images show the similarity of body form.

Figure 8. Images of clade 153 mantises showing the grouping of divergent ecomorphs.

Figure 9. Clades of Indomalayan mantises are shown with boxes denoting Indian taxa to
indicate their position in relation to non-Indian taxa. Biogeographical information is
mapped on the topology and color coded as in Figure 4.
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Table 1. Geographic Regional Distribution Definitions for Mantodea- The regions are
defined using political and natural boundaries to best reflect the distribution of
mantodean diversity. Region names and regional codes are used throughout this study to
define group distributions and represent collection locations for included exemplar taxa.
Code Region Name
AA
Afroasia
AT
AU

Afrotropical
Australasia

EU
IM

Eurasia
Indomalaya

NA
NT

Nearctic
Neotropical

Definition
Central Asiaa, Near Eastern Countriesb (including northern Africa),
Turkey, Iran, Afghanistan, Pakastan to the Thar desert
Sub-Saharan Africa including Madagascar
Australia, New Zealand, New Guinea, New Britain, New Ireland, and
surrounding islands
Europe and Northern Asia
Thar desert (India) to Wallace's Line (eastern Indonesia) including subtropical China
North America north of sub-tropical Mexico
Carribean islands and Central/South America

a

United Nations- definitions of cultural geographic regions
US Department of State regional definitions

b
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Chaeteessidae
Empusidae
Eremiaphilidae
Hymenopodidae

Iridopterygidae

Liturgusidae

Empusinae
Blepharodinae
Acromantinae
Epaphroditinae
Hymenopodinae
Oxypilinae
Hapalomantinae
Iridopteryginae
Nanomantinae
Nilomantinae
Tropidomantinae
Liturgusinae
Angelinae
Amelinae
Antemniinae
Choeradodinae
Chroicopterinae
Compsothespinae
Deroplatyinae
Dystactinae
Mantinae
Mellierinae
Miomantinae

Mantidae

Orthoderinae
Oxyothespinae
Paramantinae
Photininae
Phyllotheliinae
Schizocephalinae
Stagmatopterinae
Stagmomantinae
Vatinae

Mantoididae
Metallyticidae
Sibyllidae
Tarachodidae

Thespidae

Toxoderidae

Empusini
Idolomorphini
Blepharodini
Idolomantini
Acromantini
Phyllocranini
Hyemenopodini
Oxypilini
Hapalomantini
Iridopterygini
Fulcinini
Nanomantini
Nilomantini
Tropidomantini
Liturgusini
Angelini
Amelini
Antemniini
Chroicopterini
Dystactini
Polyspilotini
Mellierini
Miomantini
Rivetinini
Oxyothespini
Paraseveriniini
Archimantini
Mantini
Paramantini
Coptopterygini
Photinini
Stagmatopterini
Stagmomantini
Danuriini
Heterochaetini
Vatini

Sibyllinae
Caliridinae
Tarachodinae
Haaniinae
Hoplocoryphinae
Miopteryginae

Hoplocoryphini
Miopterygini
Oligonicini
Oligonicinae
Pogonogasterini
Pseudomiopteriginae Pseudomiopterigini
Parathespini
Thespinae
Thespini
Aethalochroaini
Toxoderini
Toxoderinae
Toxoderopsini
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Sampled
Species

Amorphoscelidae

Tribe
Acanthopini
Acontiothespini
Stenophyllini

Species

Acanthopidae

Subfamily
Acanthopinae
Acontiothespinae
Stenophyllinae
Amorphoscelinae
Paraoxypilinae
Perlamantinae

Sampled
Genera

Family

Genera

Table 2. Taxonomic Density and Distributional Information Compared with Sampled
Representation- Following the classification by Roy (1999) and Ehrmann (2002), tallies
for genera and species by higher taxonomic group are presented along with recorded
regional distributions. The number of sampled genera and species with their regional
representation demonstrates the breadth of taxonomic and geographic coverage for this
study (parentheses indicate sampled biogeographic region).

7
5
1
5
8
2
1
4
3
2
1
2
20
4
14
5
8
9
8
6
5
14
17
9
26
1
1
13
1
2
8
6
2
9
18
2
6
2
6
13
19
2
10
2
1
8
3
9
1
9
1
1
3
6
25
2
3
5
9
7
7
1
10
2
8
5

3
2
0
2
3
0
1
2
1
1
1
1
13
1
9
3
4
1
2
1
1
6
7
4
12
1
1
8
1
1
1
4
1
5
3
1
2
0
2
4
7
1
6
2
1
3
2
4
1
3
1
1
1
2
12
1
1
0
5
1
1
1
4
1
1
1

35
39
3
52
30
3
5
16
6
6
1
68
119
9
70
38
39
16
22
10
7
36
70
55
133
1
6
69
14
15
15
53
7
103
78
11
39
2
15
49
242
28
34
8
2
51
31
40
11
44
10
5
16
21
212
9
42
17
42
26
25
1
41
6
22
15

5
4
0
9
5
0
1
3
1
1
1
2
24
1
12
8
9
2
2
1
1
7
9
5
16
1
2
11
1
4
1
6
1
9
4
2
2
0
2
7
12
2
6
3
1
6
7
5
1
7
5
2
3
5
18
1
3
0
10
1
1
1
5
1
1
1

Biogeographic

Distribution

(NT)
NA, (NT)
NT
AA, (AT), (IM)
AT, ( A U )
AA, AT, EU
(NT)
AA, (AT), (EU), (IM)
AA, (AT)
( A A ), AT
(AT)
(AA)
( A T ,) (IM)
( A T ,) IM, NT
( A T ,) (IM)
( A T ,) (IM)
( A T ,) (AU)
(IM)
(AU)
AU, (IM)
( A T ,) AU, IM
AT, ( A U ), (IM)
( A T ,) (AU), (IM), (NT)
( A T ,) AU, ( I M ,) (NT)
AA, (AT), EU, (IM), (NA), (NT)
(NT)
(NT)
(AT)
(AT)
AT, ( I M )
AA, (AT), EU, IM
AA, (AT), (AU), EU, (IM)
(NT)
( A T ,) (AU), IM
( A A ), AT, AU, EU, (IM)
(AU)
AA, (AT), (IM)
AA
(AU)
( A T ,) (AU), (EU), (IM)
AA, (AT), (AU), EU, (IM)
(NT)
(NT)
(IM)
(IM)
(NT)
( N A ), (NT)
AA, (AU), (AT), IM
(AT)
(NT)
(NT)
(IM)
(AT)
AT, ( I M )
( A A ), (AT), EU, (IM)
(IM)
(AT)
NT
( N A ), (NT)
(NT)
IM, (NT)
(IM)
AU, (IM), (NT)
AT, ( I M )
AA, AU, ( I M )
AA, AT, ( I M )

Table 3. Optimized Primer Sequences by Gene Loci- COI = Cytochrome Oxidase I, 12S
= 12S rDNA, ND4 = NADH dehydrogenase subunit 4. Directionality for the
mitochondrial gene primers correspond to the direction of the gene not the mtGenome.
Gene
COI

Primer
F1.2
F2.1
manco1F
R2
CALVIN
PAT
12S
12Sai
12Sbi
ND4
Poly_ND4_F1
Poly_ND4_R1
Poly_ND4_F2
Poly_ND4_R2
Mant_ND4_1.9a
Mant_ND4_2a
Mant_ND4_2.1a
Mant_ND4_2.9a
Mant_ND4_2.91a
Mant_ND4_3a
Mant_ND4_3.0a
Mant_ND4_3.9a
Mant_ND4_4a
Mant_ND4_5a
Mant_ND4_2b
Mant_ND4_2.0b
Mant_ND4_2.1b
Mant_ND4_2.9b
Mant_ND4_3b
Mant_ND4_3.0b
Mant_ND4_3.9b
Mant_ND4_3.91b
Mant_ND4_4b
Mant_ND4_5b
Mant_ND4_6b
Wingless MantWg1a
MantWg6b

Sequence
5'- CNA CNA AYC AYA ARR AYM TYG G -3'
5'- GCH CAY CAY ATR TTY ACH GTW GGW -3'
5'- TAC WCG AGC WTA TTT TAC AGG AGC -3'
5'- WCC WAC DGT RAA YAT RTG RTG DGC -3'
5'- GGR AAR AAW GTT AAR TTW ACT CC -3'
5'- TCC AAT GCA CTA ATC TGC CAT ATT A -3'
5'- AAA CTA GGA TTA GAT ACC CTA TTA T -3'
5'- AAG AGC GAC GGG CGA TGT GT -3'
5'- TKC KGT WTG TGA AGG TGC TTT AGG -3'
5'- ATW MTG ATT TGT GGK GTY AKW -3'
5'- TAG TTC ATT TRT GRT TAC CTA ARG CY -3'
5'- AWG CAG AAG AAC ATA AWC CAT GVG C -3'
5'- GAR GGD AGW TTR ATH CCW ACH YTR WTY TTR A -3'
5'- GGR TAT CAR CCH GAA CGD TTR CAR GCT GG -3'
5'- TTA TAC TTT ATT TGC WTC TYT WCC HHT ATT -3'
5'- TAK TWC AYT TAT GRY TMC CHA AAG CYC -3'
5'- TWC AYT TAT GRY THC CHA RRG CBC ATG T -3'
5'- AGC YCA TGT DGA RGC MCC WGT HTC WGG -3'
5'- CCW AAA GCT CAT GTD GAR GCH CCT G -3'
5'- ATA ATT GCS CAT GGT TTA TGT TCT TCT GG -3'
5'- GCS CAT GGT TTA TGT TCT TCT GG -3'
5'- CTC CTC CTT CWT TAA ATT TAT TRG GWG -3'
5'- CCA GCY TGY AAH CGT TCD GGY TGA TAY CC -3'
5'- CCA GCY TGH ARW CGY TCN GGY TGA WAH CC -3'
5'- AAT ADD GGW ARA GAW GCA AAT AAA GTA TAA -3'
5'- GRG CTT TDG GKA RYC ATA ART GWA MTA -3'
5'- CCW GAD ACW GGK GCY TCH ACA TGR GCT -3'
5'- CAG GDG CYT CHA CAT GAG CTT TWG G -3'
5'- CCA GAA GAA CAT AAA CCA TGS GCA ATT AT -3'
5'- CCW GAA GAA CAT AWH CCA TGH GCA ATT AT -3'
5'- CCA GAA GAA CAT AAA CCA TGS GC -3'
5'- CWC CYA ATA AAT TTA AWG AAG GAG GAG -3'
5'- AAA ATT AAY ARA TTT AAA GGW AAT CAA TG -3'
5'- GCT GGA TGA GGC TGC CCA GCT TTA GAG -3'
5'- CCA RTG GAA TGT GCA GKY RCA CCT YTC C -3'
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Direction
Forward
Forward
Forward
Reverse
Reverse
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Forward
Forward
Forward
Forward
Forward
Forward
Forward
Forward
Forward
Reverse
Reverse
Reverse
Reverse
Reverse
Reverse
Reverse
Reverse
Forward
Reverse
Reverse
Forward
Reverse

Table 4. Protocols Utilized in Polymerase Chain Reactions- Protocols are listed by the
gene loci they were used for amplifying. Two protocols for ND4 amplification are
dependent on the primer Mant_ND4_F1, which has a colder melting temperature, thus
requiring a different annealing temperature than other ND4 primers. Genes and gene
regions that did not amplify using standard protocols were run with one of the two
trouble-shooting protocols named ‘Touchup’ and ‘Touchdown’. Genes names as follows:
12S = 12S rDNA, 16S = 16S rDNA, 18S = 18S rDNA, 28S = 28S rDNA, COI =
Cytochrome Oxidase I, COII = Cytochrome Oxidase II, H3 = Histone III, and ND4 =
NADH dehydrogenase subunit 4.
12S, 18S, 28S, H3, COII
16S
COI
Wingless
ND4- F1 - 2.0b
ND4- other primer pairs
Touchup- All genes
Touchdown- All genes

Hot Start
95º (5 min)
95º (5 min)
95º (5 min)
95º (5 min)
95º (5 min)
95º (5 min)
95º (5 min)
95º (5 min)

Denature
Anneal
Extension
Final Extension Cycles
95º (45s)
54º (45s)
72º (1 min)
72º (15 min)
40
95º (30s)
54º (30s)
72º (1 min)
72º (15 min)
40
95º (40s)
50º (40s)
72º (1 min 15s) 72º (15 min)
45
95º (30s)
55º (30s)
72º (1 min)
72º (15 min)
55
95º (30s)
48º (30s)
72º (1 min)
72º (15 min)
55
95º (30s)
54º (30s)
72º (1 min)
72º (15 min)
55
95º (30s) 40º (30s) !.3º/cycle
68º (1 min)
70º (15 min)
70
95º (30s) 62º (30s) ".3º/cycle
68º (1 min)
70º (15 min)
75
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Table 5. Best-fit Likelihood Models- Displayed are the models selected using both the
Likelihood Ratio Test (LRT) and the Akaike Information Criteria (AIC) by ModelTest
v3.7 for partitions of gene loci (9 partitions) and codon position within the five protein
coding genes (15 partitions). Model codes correspond to full model titles given in Posada
and Crandall (1998) with I = Invariable and Γ = Gamma. Yes and No correspond to the
usage of the model within the three analyses completed.

Parition
12S rRNA
16S rRNA
18S rRNA
28S rRNA
COI
COI- pos1
COI- pos2
COI- pos3
COII
COII- pos1
COII- pos2
COII- pos3
Histone 3
H3- pos1
H3- pos2
H3- pos3
ND4
ND4- pos1
ND4- pos2
ND4- pos3
Wingless
Wg- pos1
Wg- pos2
Wg- pos3
ALL GENES

LRT
GTR+I+!
GTR+I+!
TrN+I+!
TrN+I+!
GTR+I+!
GTR+I+!
TVM+I+!
GTR+!
GTR+I+!
GTR+I+!
TrN+I+!
TrN+I+!
TrN+I+!
SYM+!
JC
TrN+I+!
GTR+I+!
GTR+I+!
GTR+I+!
GTR+I+!
TrN+I+!
GTR+!
HKY+!
HKY+I+!
GTR+I+!

AIC

Paritioned
Likelihood
GeneParts

TrN+I+!
TrN+I+!
GTR+I+!
GTR+I+!
GTR+I+!
GTR+I+!
TVM+I+!
GTR+!
GTR+I+!
GTR+I+!
TVM+I+!
GTR+I+!
GTR+I+!
GTR+I+!
F81
TVM+I+!
GTR+I+!
GTR+I+!
TVM+I+!
TVM+I+!
GTR+I+!
GTR+!
TVM+!
TVM+I+!
GTR+I+!

Yes
Yes
Yes
Yes
Yes
No
No
No
Yes
No
No
No
Yes
No
No
No
Yes
No
No
No
Yes
No
No
No
No

179

Mixed
Mixed
Model
Model
Bayesian
Bayesian
GeneParts CodonParts
Yes
Yes
Yes
Yes
Yes
No
No
No
Yes
No
No
No
Yes
No
No
No
Yes
No
No
No
Yes
No
No
No
No

Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
Yes
No

180

176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

Parsimony gaps as missing

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
Y
Y
Y
Y
Y
N
Y
Y
N
N
N
Y
N
N
N
N
Y
N
Y
Y
Y
Y

Bootstrap Values

100
99
91
100
<50
57
100
100
100
99
100
<50
<50
<50
<50
99
100
100
<50
<50
<50
<50
<50
<50
100
<50
<50
<50
53
70
<50
83
57
<50
<50

Decay Indices

109
21
16
63
8
7
233
33
117
27
91
15
15
14
23
26
40
41
11
18
4
9
4
4
12
4
11
12
6
16
6
18
15
8
10

Node Number

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175

Parsimony gaps as missing

Y
Y
Y
Y
N
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
Y
N
Y
Y
Y
Y
N
N
Y
Y
Y
N
N

Decay Indices

99
99
99
63
<50
<50
100
100
100
100
100
100
100
72
100
100
65
99
77
100
<50
<50
100
<50
68
66
100
96
<50
<50
100
100
99
<50
<50

Bootstrap Values

50
41
39
13
4
7
42
47
82
37
278
184
28
8
148
100
8
42
14
256
3
3
41
11
13
8
28
42
10
10
291
226
16
5
14

Parsimony gaps as missing

106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

Node Number

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N

Bootstrap Values

100
100
100
100
100
100
91
100
67
74
100
100
100
<50
<50
82
100
72
100
100
100
100
<50
<50
100
<50
96
100
100
100
94
100
100
<50
55

Decay Indices

38
111
30
87
153
28
23
46
10
16
55
75
40
9
14
23
327
11
281
70
59
95
11
11
44
5
31
43
75
50
21
108
154
9
7

Node Number

71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

Bootstrap Values

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
N
Y
Y
Y
Y
Y
Y
Y
N
Y
N
Y
Y
Y
Y
Y
Y
N
N
Y

Parsimony gaps as missing

100
100
99
99
90
94
<50
<50
100
100
100
<50
81
<50
<50
<50
59
100
100
99
100
82
81
<50
100
<50
<50
<50
55
50
60
100
66
53
93

Decay Indices

Bootstrap Values

83
311
34
45
21
33
10
10
40
59
83
10
12
12
5
10
9
131
179
37
109
16
16
9
197
8
8
12
2
10
8
36
11
14
27

Node Number

Decay Indices

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

Parsimony gaps as missing

Node Number

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Bootstrap Values

Parsimony gaps as missing

<50
94
100
100
100
100
68
92
69
100
91
99
100
100
100
100
100
95
68
100
100
98
<50
<50
<50
92
90
99
100
100
92
100
94
100
100

Decay Indices

Bootstrap Values

14
24
66
92
66
47
12
19
11
93
19
30
76
72
89
133
56
23
14
144
46
13
9
9
6
18
21
27
65
262
25
154
20
78
54

Parsimony gaps as missing

Decay Indices

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Node Number

Node Number

Table 6. Tree Support and Node Recovery for Missing State Parsimony Analysis- Node
names correspond to those presented in Figure 4a-d. Nodes falling below the ‘high value
threshold’ (decay index ≥ 10 and bootstrap value ≥ 0.70) are shaded gray.

8
105
47
4
7
10
40
4
4
4
9
150
51
7
12
9
28
24
34
9
50
25
12
33
30
24
45
14
8
40
46
40
22
65
11

<50
100
100
<50
<50
86
100
<50
<50
<50
<50
100
100
<50
83
57
99
98
100
<50
100
96
77
100
100
96
100
68
<50
99
100
100
98
100
<50

Y
Y
Y
N
Y
Y
Y
N
Y
Y
N
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

19
20
117
76
37
19
130
29
23
12
66
49
38
26
5
7
12
28
167
10
92
91
34
10
13
58
11
9
34
20
42
101
61
98
24

69
78
100
100
100
98
100
99
88
72
100
100
100
97
<50
<50
<50
99
100
<50
100
100
100
<50
<50
100
<50
52
100
100
99
100
100
100
100

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
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33
29
19
62
27
11
6
20
4
24
23
5
5
32

99
100
98
100
99
53
57
95
51
96
99
<50
<50
100

Y
Y
Y
Y
Y
Y
N
Y
N
Y
Y
N
N
Y

316
317
318
319
320
321
322
323
324
325
326
327
328
329

10
15
31
94
22
13
20
16
92
23
58
20
43
23

<50
67
100
100
92
72
79
75
100
94
100
97
100
100

N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Parsimony gaps as missing

302
303
304
305
306
307
308
309
310
311
312
313
314
315

Bootstrap Values

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Decay Indices

Parsimony gaps as missing

100
100
100
100
92
100
100
64
84
100
92
99
63
100

Node Number

58
75
118
57
13
54
48
11
18
166
23
30
7
44

Bootstrap Values

288
289
290
291
292
293
294
295
296
297
298
299
300
301

Decay Indices

Y
Y
Y
N
N
Y
Y
Y
Y
N
Y
Y
Y
N

Node Number

100
100
94
<50
<50
100
100
100
100
<50
99
<50
96
78

Parsimony gaps as missing

Decay Indices
182
78
15
5
6
44
61
39
42
4
25
9
24
13

Bootstrap Values

Node Number
274
275
276
277
278
279
280
281
282
283
284
285
286
287

Decay Indices

Parsimony gaps as missing
Y
Y
N
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Parsimony gaps as missing

Bootstrap Values
68
100
<50
<50
<50
94
<50
96
56
100
83
91
98
99

Node Number

Decay Indices
12
139
9
6
6
33
6
53
7
130
20
14
33
30

Bootstrap Values

Node Number
260
261
262
263
264
265
266
267
268
269
270
271
272
273

Decay Indices

Parsimony gaps as missing
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
Y

Node Number

Bootstrap Values
<50
71
100
100
100
100
100
100
63
71
100
<50
<50
68

Bootstrap Values

Decay Indices
9
14
38
66
27
39
48
43
11
14
20
10
10
12

Parsimony gaps as missing

Node Number
246
247
248
249
250
251
252
253
254
255
256
257
258
259

330
331
332
333
334
335
336
337
338
339
340
341

16
86
12
17
84
86
21
50
11
38
13
94

83
100
63
89
100
100
97
100
80
100
84
100

Y
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
Y

Average Divergence
Date

102.47
80.05
75.48
81.01
73.87
66.94
77.80
71.70
103.97
100.72
90.91
85.24
101.17
91.65
84.95
64.62
78.01
73.08
86.62
81.17
76.90
82.77
73.51
79.70
65.79
58.62
72.07
61.74
58.13
49.56
38.25
96.69
91.51
86.26
66.41

105.68
82.28
77.81
83.74
76.38
69.08
80.44
73.86
107.37
103.52
93.71
88.04
104.47
94.62
87.68
67.63
80.63
75.24
89.53
83.84
79.13
85.58
76.17
82.41
67.69
60.08
74.31
63.74
60.13
51.22
39.46
100.17
94.92
89.54
69.25
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98.27
74.99
69.76
77.05
68.51
61.27
73.32
66.52
99.04
95.17
85.36
79.69
96.16
85.91
78.53
51.28
71.70
65.05
80.44
75.08
69.88
76.57
67.88
73.45
59.16
52.38
65.42
55.57
52.54
44.05
33.75
91.95
86.79
81.45
61.89

113.09
89.58
85.85
90.43
84.26
76.89
87.56
81.20
115.70
111.87
102.06
96.39
112.79
103.33
96.84
83.98
89.56
85.44
98.62
92.60
88.37
94.60
84.45
91.37
76.21
67.79
83.21
71.91
67.72
58.38
45.17
108.39
103.04
97.64
76.61

206
207
210
211
215
225
226
230
234
235
237
246
262
263
264
270
277
278
283
285
286
287
295
296
298
299
307
308
309
310
320
321
330
332
333

95% Confidense
Upper

Divergence Date

127
128
129
133
134
135
139
140
152
153
154
155
159
160
161
162
163
164
166
167
168
179
180
183
184
185
189
190
191
193
194
195
203
204
205

95% Confidense
Lower

Node Number

147.65
135.89
131.70
128.22
125.89
123.61
112.86
94.45
102.73
75.68
59.28
36.39
105.07
87.07
102.49
101.19
40.36
122.53
112.32
103.65
100.21
88.09
100.08
95.64
79.50
94.40
91.79
82.20
88.26
84.09
121.70
100.83
92.46
86.16
119.70

Average Divergence
Date

95% Confidense
Upper

132.37
121.37
116.84
114.73
111.63
109.05
98.09
79.74
88.70
62.58
47.50
27.82
90.79
73.04
90.39
84.39
28.83
108.97
98.76
91.07
87.75
74.57
88.07
81.33
63.37
82.52
79.21
70.19
74.79
70.65
107.45
87.32
77.73
72.68
105.15

Divergence Date

95% Confidense
Lower

140.01
128.63
124.27
121.47
118.76
116.33
105.48
87.10
95.72
69.13
53.39
32.10
97.93
80.06
96.44
92.79
34.60
115.75
105.54
97.36
93.98
81.33
94.08
88.48
71.43
88.46
85.50
76.19
81.52
77.37
114.58
94.07
85.10
79.42
112.43

Node Number

Bootstrap Average
Divergence Date

137.57
125.45
121.12
118.11
115.37
113.03
102.32
84.66
92.94
66.91
51.57
30.86
94.84
76.66
94.63
90.06
33.61
112.42
102.08
94.14
90.94
78.13
90.82
85.46
68.42
85.42
82.53
73.22
78.50
74.55
111.19
91.12
82.42
76.87
108.93

95% Confidense
Upper

Divergence Date

13
18
19
23
24
25
26
27
31
34
35
36
42
43
51
52
53
62
63
68
69
70
84
85
86
93
96
97
104
105
111
112
118
122
126

95% Confidense
Lower

Node Number

Table 7. Estimated Divergence Times of nodes in Eumantodea phylogeny- Divergence
times (Ma) and 95% confidence intervals for each of the represented nodes are listed.
Nodes were collapsed according to group monophyly and biogeographic mapping. Node
numbers correspond to those of Figure 4.

45.45
50.45
81.85
76.26
64.18
79.12
76.13
69.53
72.52
69.66
68.91
68.87
89.68
86.50
82.98
75.17
88.01
87.84
80.37
77.12
57.65
43.79
74.20
65.35
66.48
58.28
62.52
57.98
52.66
48.97
57.44
51.83
45.11
43.10
37.93

47.16
52.747
85.102
79.127
66.664
82.332
79.184
72.275
75.62
72.863
71.463
71.947
93.151
90.023
86.376
78.435
91.193
89.9
83.442
80.113
60.148
45.601
77.005
68.192
68.932
60.441
64.779
60.248
54.495
50.572
59.552
53.442
47.053
44.916
39.411

40.398
46.324
77.072
71.023
58.034
74.331
71.083
63.449
68.051
65.505
63.941
64.236
84.781
81.39
77.927
69.885
82.764
80.612
74.703
71.822
52.509
36.836
68.693
59.221
60.684
52.576
56.754
52.381
46.088
42.336
52.316
46.184
40.979
38.926
33.833

53.923
59.17
93.132
87.23
75.293
90.332
87.285
81.102
83.189
80.221
78.984
79.658
101.52
98.656
94.826
86.985
99.621
99.189
92.18
88.403
67.788
54.367
85.316
77.163
77.181
68.305
72.805
68.115
62.902
58.808
66.788
60.7
53.127
50.907
44.988

1a) Beier (1964)

1c) Klass (1997)
Mantoididae
Eremiaphilidae
Chaeteessidae
Metallyticidae
Amorphoscelidae

Mantoididae
Chaeteessidae
Metallyticidae
Remaining Mantodea

Remaining Mantodea
1b) Svenson and Whiting (2004)

1d) Grimaldi (2003)
Mantoididae
Other Mantodea*
Amorphoscelidae
Remaining Mantodea
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Ambermantis (fossil)
Chaeteessa
Mantoididae
Metallyticidae
Amorphoscelidae
Eremiaphilidae
Empusidae
Hymenopodidae
Mantidae

3.9a (8864)
4a (8858)

8364

8433

9764
F1 (9863)

1.9a (9425)
2a (9383)
2.1a (9339)

F2 (9178)
2.9a (9178)
2.91a (9175)
3.0a (9161)
3a (9156)

5a (8704)

Direction of MtGenome
2b (9355)
2.0b (9355)
2.1b (9310)

3b (9152)
3.0b (9137)
3b (9130)

ND4L

ND4

282bps

1338bps

Figure 2
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3.9b (8836)
3.91b (8836)
4b (8836)
R2 (8834)

5b (8678)

6b (8464)

R1 (8387)

tRNA(H)
64bps

3a) -466000
-467000

LnL

-468000
-469000
-470000
-471000

3b)

-472000
-460000
-461000

-463000
-464000
-465000

Figure 3a,b

Generation
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20,000,000

17,500,000

15,000,000

12,500,000

10,000,000

7,500,000

5,000,000

-466000
2,500,000

LnL

-462000

= Outgroup Taxa
= Afroasia
= Afrotropical
= Australasia
= Eurasia
= Indomalaya
= Nearctic
= Neotropical

4a)

4b)

4c)

4d)

0.01 substitutions/site
Blaberidae- Gyna capucina
Blattellidae- Blattella germanica
Pseudophyllodromidae- Supella longipalpa
Blattidae- Blatta orientalis
Polyphagidae- Cryptocercus scioto
Polyphagidae- Cryptocercus kyebangensis
2
4
Polyphagidae- Cryptocercus russie
5
Mastotermitidae- Mastotermes darwiniensis
3
Kalotermitidae- Cryptotermes brevis
Kalotermitidae- Kalotermes flavicollis
8
6
Hodotermitidae- Hodotermes mossambicus
(7)
Rhinotermitidae- Coptotermes lacteus
(9)
Rhinotermitidae- Reticulitermes santonensis
11
Termitidae- Macrotermes subhyalinus
10
Termitidae- Termes hispaniolae
12
Chaeteessa valida
Mantoida sp.
Mantoida sp.
15
Mantoida sp.
14
Mantoida schraderi
16
Mantoida sp.
17
Metallyticus fallax
Metallyticus fallax
20
Metallyticus splendidus
21
Metallyticus splendidus
22
Angelinae- Angela sp.
Pseudomiopterigini- Pseudomiopteryx guyanensis Pseudomiopteriginae
Oligonicini- Bantia werneri
(25)
27
Oligonicini- Thrinaconyx kirschianus
28
Oligonicinae
Oligonicini- Thrinaconyx fumosa
18
29
30 Oligonicini- Thrinaconyx fumosa
ThespiniMusoniella
sp.
26
Thespini- Eumusonia livida
32
Thespinae
Thespini- Musoniella sp.
33
Thespini- Macromusonia conspersa
31
Pogonogasterini- Carrikerella ceratophora
Oligonicini- Thesprotiella sp.
36
34
Oligonicini- Thesprotiella peruana
37
Oligonicini- Oligonicella scudderi
35
Oligonicinae
Oligonicini- Thesprotia macilenta
(24)
39
Oligonicini- Thesprotia sp.
(19)
38
41
Oligonicini- Oligonicella punctulata
40
Oligonicini- Thesprotia graminis
Acontiothespini- Acontista sp.
Acontiothespini- Raptrix fusca
44
46
Acontiothespini- Raptrix perspicua
Acontiothespinae*
45
Acontiothespini- Raptrix persiara
(43)
Acanthopini- Pseudacanthops sp.
(49)
Acanthopini- Acanthops sp.
Acanthopini- Metilia brunnerii
(47)
Acanthopinae*
Acanthopini- Acanthops sp.
(48)
Acanthopini- Metilia boliviana
(50)
Photinini- Brunneria sp.
(42)
54 Coptopterygini- Coptopteryx sp.
53
Photininae
52
Coptopterygini- Coptopteryx sp.
(23)
Liturgusini- Hagiomantis superba
Liturgusini- Liturgusa sp.
Liturgusinae
55
Liturgusini- Liturgusa maya
56
(51)
Photinini- Macromantis nicaraguae
Photinini- Cardioptera squalodon
57
Photinini- Orthoderella ornata
60
Photininae
58
Photinini- Orthoderella ornata
Photinini- Microphotina vitripennis
(59)
Photinini- Photina sp.
(61)
(1)

13
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Blattaria

Isoptera
Chaeteessidae
Mantoididae*
Metallyticidae*
Mantidae

Thespidae

Acanthopidae*
Mantidae
Liturgusidae
Mantidae

4b)

Leptomantella sp.
Leptomantella sp.
Leptomantella sp.
(65)
Leptomantella albella
(66)
Leptomantella albella
67
Nilomantini- Nilomantis edmundsi
Hapalomantini- Hapalomantis orba
Hapalomantini- Hapalomantis congica katangica
70
72
Hapalomantini- Bolbena maraisi
71
Hapalomantini- Bolbena sp.
(69)
73
75 Hapalomantini- Bolbena hottentotta
74
Hapalomantini- Bolbena hottentotta
(63)
Amorphoscelis sp.
Amorphoscelis sp.
Amorphoscelis sp.
78
76
Amorphoscelis austrogermanica
Caudatoscelis marmorata
77
80
Amorphoscelis sp.
Amorphoscelis annulicornis
82
(79)
Amorphoscelis singaporana
83
Amorphoscelis borneana
81
(68)
Amorphoscelis borneana
Nanomantini- Sceptuchus simplex
87 Tropidomantini- Miromantis mirandula
86
Tropidomantini- Miromantis mirandula
(85)
89 Tropidomantini- Eomantis guttatipennis
Tropidomantini- Eomantis iridipennis
Tropidomantini- Tropidomantis tenera
88
Tropidomantini- Tropidomantis tenera
90
92 Tropidomantini- Tropidomantis tenera
91
Tropidomantini- Tropidomantis tenera
Tropidomantini- Kongobatha diademata
(84)
(94)
Tropidomantini- Xanthomantis (Pliacanthopus) mantispoides
95 Tropidomantini- Xanthomantis (Pliacanthopus) mantispoides
Hapalomantini- Bolbe pallida
Hapalomantini- Bolbe pygmea
98
Paraoxypilus verreauxii
(93)
97
Paraoxypilus tasmaniensis
100
Gyromantis occidentalis
102
99
Gyromantis occidentalis
Cliomantis
obscura
103
101
(96)
Cliomantis cornuta
(62)
Tropidomantini- Neomantis hyalina
Fulcinini- Tylomantis sp.
Fulcinini- Calofulcinia sp.
106
(104)
Liturgusini- Ciulfina biseriata
(105)
Liturgusini- Stenomantis novaeguineae
108
LiturgusiniStenomantis
novaeguineae
107
Liturgusini- Stenomantis novaeguineae
109
Liturgusini- Stenomantis novaeguineae
(110)
Amelini- Gimantis insularis
Amelini- Gimantis insularis
114
116 Amelini- Elmantis trincomaliae
113
Amelini- Elmantis trincomaliae
Amelini- Elmantis nira
115
Amelini- Elmantis nira
117
Amelini- Gonypetyllis semuncialis
112
Amelini- Gonypetyllis semuncialis
120
Amelini- Myrcinus tuberosus
(119)
Amelini- Bimantis malaccana
121
AmeliniGonypeta borneana
118
Amelini- Gonypeta borneana
123
Liturgusini- Humbertiella similis
(122)
125 Liturgusini- Humbertiella ocularis
124
Liturgusini- Humbertiella ocularis
Iridopterygini- Hapalopeza nilgirica
Iridopterygini- Hapalopeza nitens
128
Amelini- Amantis biroi
(129)
Amelini- Amantis reticulata
(130)
Amelini- Amantis sp.
(131)
Amelini- Amantis tristis
132
(127)
(111)
Chroicopterini- Chroicoptera saussurei
(135)
136 Dystactini- Dystacta alticeps
(134)
Dystactini- Dystacta alticeps
137 Amelini- Bolbella punctigera
Amelini- Dystactula grisea
138 Chroicopterini- Rogermantis royi
Amelini- Gonypetella sp.
133
Hapalomantini- Tarachina sp.
(140)
Hapalomantini- Tarachina occidentalis
141
ChroicopteriniEntelloptera rogenhoferi
143
Chroicopterini- Ligentella zairensis
(139)
Chroicopterini- Ligentella beieri
144
Chroicopterini- Entella orientalis
(146)
142
147 Chroicopterini- Entella delalandi
Chroicopterini- Namamantis nigropunctata
(126)
Chroicopterini- Ligariella gracilis
149
(145)
Chroicopterini- Ligariella trigonalis
Chroicopterini- Ligaria brevicollis ignota
148
Chroicopterini- Ligaria brevicollis ignota
151
150
Chroicopterini- Ligaria brevicollis ignota
Thespini- Pseudothespis meghalayensis
(154)
Gildella suavis
Haania lobiceps
(153)
(155)
Hoplocoryphini- Hoplocorypha sp.
157 Hoplocoryphini- Hoplocorypha sp.
Hoplocoryphini- Hoplocorypha sp.
(152)
156
Hoplocoryphini- Hoplocorypha sp.
158
(64)
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Caliridinae

Tarachodidae

Nilomantinae
Hapalomantinae

Iridopterygidae

Amorphoscelinae*

Amorphoscelidae

Nanomantinae

Tropidomantinae

Iridopterygidae

Hapalomantinae
Paraoxypilinae*

Amorphoscelidae

Tropidomantinae
Nanomantinae

Iridopterygidae

Liturgusinae

Liturgusidae

Amelinae

Mantidae

Liturgusinae

Liturgusidae

Iridopteryginae

Iridopterygidae

Amelinae
Chroicopterinae
Dystactinae*

Mantidae

Amelinae
Chroicopterinae
Amelinae
Hapalomantinae

Iridopterygidae

Chroicopterinae

Mantidae

Thespinae
Caliridinae
Haaniinae
Hoplocoryphinae*

Thespidae
Tarachodidae
Thespidae

4c)

(162)

Rivetinini- Eremoplana iufelix
Tarachodinae- Oxyophthalma engaea
(164)
Rivetinini- Deiphobella laticeps
Parathespini- Parathespis humbertiana
Rivetinini- Deiphobe sp.
(163)
RivetininiDeiphobe sp.
165
(168)
Schizocephala bicornis
Antistia maculipennis
(167)
Nothogalepsus sp.
Nothogalepsus planivertex
170
(160)
Galepsus ulricae
(169)
(173)
Tarachodes sp.
Tarachodula pantherina
(171)
(175)
Pyrgomantis jonesi
172
Paragalepsus toganus
Pyrgomantis nasuta
(174)
Tarachodes dissimulator
(176)
(166)
Tarachodes afzelii
177
178 Tarachodes afzelii
Amelini- Litaneutria minor
Amelini- Yersinia mexicana
(180) 181
Eremiaphila rotundipennis
Eremiaphila sp.
182
Heterochaetini- Heterochaeta strachani
(185)
Episcopomantis chalybea
(179)
Iris
oratoria
(186)
(184)
Dysaules sp.
187 188 Dysaules himalayanus
Dysaules longicollis
(183)
Didymocorypha lanceolata
Compsothespis sp.
(189)
Oxyothespini- Heterochaetula fissispinis
192
Oxyothespini- Oxyothespis sp.
190
Aethalochroaini- Aethalochroa sp.
(191)
Toxoderopsini- Toxoderopsis taurus
193
(159)
Toxoderini- Stenotoxodera porioni
194
197
Miomantini- Parasphendale sp.
Miomantini- Cilnia humeralis
Miomantini- Taumantis ehrmannii
196
Miomantini- Miomantis aurea
198
Miomantini- Miomantis sp.
201
Miomantini- Miomantis sp.
199
Miomantini- Miomantis sp.
200
Miomantini- Miomantis paykullii
202
Idolomantini- Idolomantis diabolica
206
Blepharodini- Blepharopsis mendica
IdolomorphiniIdolomorpha dentifrons
205
Empusini- Gongylus gongylodes
207
Empusini- Empusa sp.
208
Empusini- Empusa guttula
209
Acromantini- Euantissa pulchra
212
Acromantini- Euantissa pulchra
213
Acromantini- Anaxarcha limbata
AcromantiniAnaxarcha intermedia
214
Hymenopodini- Pseudocreobotra occellata
211
Hymenopodini- Pseudocreobotra occellata
216
(204)
217
Hymenopodini- Chloroharpax modesta
HymenopodiniPanurgica fratercula
218
Hymenopodini- Panurgica compressicollis
219
Hymenopodini- Hymenopus coronatus
215
(195)
Hymenopodini- Theopropus elegans
221
Hymenopodini- Theopropus elegans
222
220
Hymenopodini- Creobroter apicalis
Hymenopodini- Creobroter laevicollis
223
Hymenopodini- Creobroter sp.
224
Ceratocrania
macra
(227)
Phyllothelys
westwoodi
(210)
Phyllothelys decipiens
(226)
228
229 Phyllothelys decipiens
Phyllocrania paradoxa
Sibylla (Sibyllopsis) operosa
(230)
Sibylla dives
232
231
Sibylla pretiosa
233 Sibylla pretiosa
Oxypilini- Ceratomantis ghatei sp. n.
Oxypilini- Ceratomantis borneensis sp. n.
236
Acromantini- Ephestiasula intermedia
(235)
(225)
(238) 239
Acromantini- Hestiasula masoni
Acromantini- Hestiasula inermis
Acromantini- Hestiasula phyllopus
240
(237)
Oxypilini- Junodia amoena
(203)
Oxypilini- Oxypilus (Oxypilus) hamatus
241
Oxypilini- Oxypilus (Setoxypilus) nigericus
242
Oxypilini- Oxypilus (Setoxypilus) transvalensis
244
243
Oxypilini- Oxypilus (Setoxypilus) sp.
Oxypilini- Oxypilus (Oxypilus) masutus
245
(234)
AcromantiniOtomantis
rendalli
248
Acromantini- Otomantis scutigera
247
Acromantini- Otomantis sp.
249
Acromantini- Anasigerpes bifasciata
Acromantini- Chrysomantis cachani
250
Acromantini- Oxypiloidea tridens
251
252 253 Acromantini- Chrysomantis sp.
(246)
Acromantini- Oxypiloidea subcornuta
Acromantini- Psychomantis borneensis
255
Acromantini- Ephippiomantis ophirensis
Acromantini- Acromantis insularis
(254)
Acromantini- Acromantis sp.
256 (259)
Acromantini- Acromantis montana
Acromantini- Rhomantis moultoni
(257)
Acromantini- Citharomantis falcata
(258)
261 Acromantini- Acromantis sp.
(260)
Acromantini- Acromantis sp.
193
(161)

Miomantinae
+ Tarachodinae
+ Thespinae
Schizocephalinae

Mantidae
+ Tarachodidae
+ Thespidae
Mantidae

Tarachodinae

Tarachodidae

Amelinae

Mantidae
Eremiaphilidae*
Mantidae

Vatinae
Tarachodinae

Tarachodidae

Compsothespinae
Oxyothespinae*

Mantidae

Toxoderinae*

Toxoderidae*

Miomantinae

Mantidae

Blepharodinae*
Empusinae*

Empusidae*

Acromantinae

Hymenopodidae
Hymenopodinae

Phyllotheliinae*
Epaphroditinae
Sibyllinae*

Mantidae
Hymenopodidae
Sibyllidae*

Oxypilinae
Acromantinae

Oxypilinae

Hymenopodidae

Acromantinae

Angelini- Stenopyga ziela
Angelini- Leptocola stanleyana
Danuriini- undescribed genus
Danuriini- undescribed genus
267
DanuriiniDanuria
(Danuria)
thunbergi
(266)
(263)
Danuriini- Popa spurca
(268)
Danuriini- Popa undata
269
Angelini- Euchomenella sp.
271
Angelini- Euchomenella sp.
Deroplatys desiccata
270
Deroplatys truncata
272
Deroplatys sp.
273
275 Deroplatys rhombica
274
Deroplatys rhombica
276 Deroplatys rhombica
(262)
Liturgusini- Theopompella chopardi
Liturgusini- Dactylopteryx flexuosa
279
(278)
Hymenopodini- Pseudoharpax uganda
Hymenopodini- Congoharpax aberrans
281
Hymenopodini- Galinthias amoena
280
Hymenopodini- Galinthias amoena
282
Choeradodis rhombicollis
Choeradodis stalii
284
(277)
Mellierini- Xystropeltis sp.
287
Mantini- Mantis religiosa
288 Mantini- Mantis religiosa
Mantini- Statilia apicalis
286
290 Mantini- Statilia apicalis
Mantini- Statilia maculata
(283)
289
Mantini- Statilia nemoralis
291
Mantini- Statilia sp.
292
Mantini- Statilia maculata
293
294 Mantini- Statilia maculata
MantiniOmomantis zebrata
296
(285)
Orthodera novaezealandiae
Orthodera sp.
297
Paramantini- Tarachomantis caldwellii
(300)
Paramantini- Sphodromantis viridis
Paramantini- Sphodromantis lineola
301
299
Polyspilotini- Tenodera aridifolia
Polyspilotini- Tenodera costalis
303
Polyspilotini- Polyspilota aerinosa
(295)
302
PolyspilotiniPolyspilota aeruginosa
305
Polyspilotini- Plistospilota guineensis
304
Polyspilotini- Prohierodula ornatipennis
306
Mantini- Pseudomantis albofimbriata
309
(308)
Miomantini- Sphodropoda moesta
Archimantini- Archimantis sobrina
(310)
Archimantini- Austrovates variegata
311
298
Paramantini- Camelomantis moultoni
Paramantini- Hierodulella reticulata
(314)
Paramantini- Hierodulella celebensis
312
Paramantini- Rhombodera basalis
(313)
Paramantini- Hierodula sp.
315
Paramantini- Hierodula sp.
(316)
Paramantini- Hierodula sp.
(317)
Paramantini- Tamolanica tamolana
318
319 Paramantini- Hierodula schultzei
(307)
Antemniini- Antemna rapax
Stagmomantini- Oromantis sp.
321 323
Stagmomantini- Stagmomantis vicina
324 Stagmomantini- Stagmomantis sp.
StagmomantiniStagmomantis sp.
322
Stagmomantini- Stagmomantis carolina
327
Stagmomantini- Stagmomantis limbata
325
Stagmomantini- Stagmomantis sp.
326
320
StagmomantiniStagmomantis sp.
328
Stagmomantini- Stagmomantis sp.
329
Stagmatopterini- Stagmatoptera sp.
Stagmatopterini- Stagmatoptera sp.
331
Stagmatopterini- Oxyopsis sp.
330
Stagmatopterini- Parastagmatoptera sp.
Stagmatopterini- Parastagmatoptera sp.
334
(332)
335 Stagmatopterini- Parastagmatoptera sp.
VatiniPhyllovates chlorophaea
337
333
Vatini- Phyllovates cingulata
Vatini- Pseudovates denticulata
336
Vatini- Vates pectinacornis
338
Vatini- Vates sp.
339
Vatini- Vates sp.
340
341 Vatini- Vates sp.

4d)

(264)

265
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Angelinae
Vatinae
Angelinae

Mantidae

Deroplatyinae*
Liturgusinae

Liturgusidae

Hymenopodinae

Hymenopodidae

Choeradodinae*
Mellierinae

Paramantinae

Orthoderinae*
Paramantinae
Mantinae

Paramantinae
+ Miomantinae

Antemniinae

Stagmomantinae*

Stagmatopterinae

Vatinae

Mantidae

5a) Liturgusidae

5b) Angelinae

5c) Vatinae
Neotropical

Neotropical

Angela guianensis

Hagiomantis ornata

Liturgusa mesopoda

Afrotropical

Heterochaeta bernardii

Indomalaya
Euchomenella metilei

Australasia/
Afrotropical

Australasia

Stenomantis novaeguineae

Popa spurca

Indomalaya
Humbertiella sp.

Afrotropical
Stenopyga extera

Neotropical
Phyllovates sp.

Afrotropical
Dactylopteryx flexuosa

Theopompella aurivillii

197

27

25

18

26
31

36

34

24

19

35

43
53

42

52

51

70

63

23

69
68

86
85

Gondwanan Mantodea

84

97

93
96

104
105

62
112

118
122
128
129

127
111

135
134
140

133
139
154

126

153

155
161

162

164
163
168

160
167

152

166
180

185

179
184

183
189

190

159

191

193

205

194

206

207

204
211

195

210

215

226
230
235

225
203

234

237
246

264
263
270

262
278
277

287
286

283

296
285

299

295

298

309
310

308
307

321
320

330
332

Early

Triassic Jurassic

Late

Cretaceous

Paleocene

Eocene

Paleogene

Figure 6
199

Oligocene

10 Myr

20 Myr

30 Myr

40 Myr

50 Myr

60 Myr

70 Myr

80 Myr

90 Myr

100 Myr

110 Myr

120 Myr

130 Myr

140 Myr

200 Myr

240 Myr

333

Miocene

Neogene

Present
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Other Blattaria
Blattidae
Polyphagidae
Isoptera
Chaeteessidae
Mantoididae
Metallyticidae
Angelinae
Pseudomiopterigini
Oligonicini
Thespini
Thespini
Pogonogasterini
Oligonicini
Oligonicini
Acontiothespini
Acanthopini
Photinini
Coptopterygini
Liturgusini
Photinini
Caliridinae
Nilomantini
Hapalomantini
Amorphoscelinae
Nanomantini
Tropidomantini
Tropidomantini
Tropidomantini
Hapalomantini
Paraoxypilinae
Tropidomantini
Fulcinini
Liturgusini
Amelini
Amelini
Amelini
Liturgusini
Iridopterygini
Iridopterygini
Amelini
Chroicopterini
Dystactini
Amelini
Amelini
Hapalomantini
Chroicopterini
Thespini
Caliridinae
Haaniinae
Hoplocoryphini
Rivetinini
Tarachodinae
Rivetinini
Parathespini
Rivetinini
Schizocephalinae
Tarachodinae
Tarachodinae
Amelinae
Eremiaphilidae
Heterochaetini
Tarachodinae
Tarachodinae
Tarachodinae
Compsothespinae
Oxyothespini
Aethalochroaini
Toxoderini
Toxoderopsini
Miomantini
Idolomantini
Blepharodini
Idolomorphini
Empusini
Acromantini
Hymenopodini
Hymenopodini
Phyllotheliinae
Epaphroditinae
Sibyllinae
Oxypilinae
Acromantini
Oxypilinae
Acromantini
Acromantini
Angelini
Danuriini
Angelini
Deroplatyinae
Liturgusini
Hymenopodini
Choeradodinae
Mellierini
Mantini
Mantini
Mantini
Orthoderinae
Paramantini
Polyspilotini
Mantini
Miomantini
Archimantini
Paramantini
Antemniini
Stagmomantini
Stagmatopterini
Stagmatopterini
Stagmatopterini
Vatini

7a) Flower Mantises

7b) Grass Mantises
A) Euantissa pulchra C) Ceratocrania macra

B) Galepsus ulricae
A) Schizocephala bicornis

B) Theopropus
elegans

E) Ceratomantis
borneensis

D) Sibylla dives

F) Hestiasula phyllopus

-A
-B

C) Compsothespis sp.

-C
-D
-A
-B
-C
-D
-E
-F
-G
-H
-I

D) Oxyothespis sp.

G) Oxypiloidea tridens
H) Ephippiomantis
ophirensis
-E

-J

I) Acromantis sp.
J) Galinthias sp.
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E) Leptocola stanleyana

Figure 8.
Thespini- Pseudothespis meghalayensis

(154)
(155)
(153)

157

Caliridinae- Gildella suavis

-B

Haaniinae- Haania lobiceps

-C

Hoplocoryphini- Hoplocorypha sp.
158

B)

A)

Hoplocoryphini- Hoplocorypha sp.
Hoplocoryphini- Hoplocorypha sp.

156

-A

-D

Hoplocoryphini- Hoplocorypha sp.

C)

D)
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(64)
(65)

Caliridinae- Leptomantella sp.
Caliridinae- Leptomantella sp.
Caliridinae- Leptomantella sp.
Caliridinae- Leptomantella albella
Caliridinae- Leptomantella albella
67

(66)

76

78
77

80
(79)
81

Nanomantini- Sceptuchus simplex
87 Tropidomantini- Miromantis mirandula
Tropidomantini- Miromantis mirandula
89 Tropidomantini- Eomantis guttatipennis
Tropidomantini- Eomantis iridipennis
Tropidomantini- Tropidomantis tenera
Tropidomantini- Tropidomantis tenera
92 Tropidomantini- Tropidomantis tenera
Tropidomantini- Tropidomantis tenera

86

(85)
88

90

Amorphoscelis sp.
Amorphoscelis sp.
Amorphoscelis sp.
Amorphoscelis austrogermanica
Caudatoscelis marmorata
Amorphoscelis sp.
Amorphoscelis annulicornis
82
Amorphoscelis singaporana
83
Amorphoscelis borneana
Amorphoscelis borneana

91

114
113
117

115

112

120
121

(119)
118

123

(122)

124

128
(129)
(130)
(131)

132

(154)
(162)
(164)
(163)

Amelini- Elmantis trincomaliae
Amelini- Elmantis nira
Amelini- Elmantis nira
Amelini- Gonypetyllis semuncialis
Amelini- Gonypetyllis semuncialis
Amelini- Myrcinus tuberosus
Amelini- Bimantis malaccana
Amelini- Gonypeta borneana
Amelini- Gonypeta borneana
Liturgusini- Humbertiella similis
125 Liturgusini- Humbertiella ocularis
Liturgusini- Humbertiella ocularis

Iridopterygini- Hapalopeza nilgirica
Iridopterygini- Hapalopeza nitens
Amelini- Amantis biroi
Amelini- Amantis reticulata
Amelini- Amantis sp.
Amelini- Amantis tristis
Thespini- Pseudothespis meghalayensis
Gildella suavis
Haania lobiceps

(155)

(161)

Amelini- Gimantis insularis
Amelini- Gimantis insularis

116 Amelini- Elmantis trincomaliae

165

Rivetinini- Eremoplana iufelix
Tarachodinae- Oxyophthalma engaea
Rivetinini- Deiphobella laticeps
Parathespini- Parathespis humbertiana
Rivetinini- Deiphobe sp.
Rivetinini- Deiphobe sp.

Acromantini- Euantissa pulchra
Acromantini- Euantissa pulchra
Acromantini- Anaxarcha limbata
Acromantini- Anaxarcha intermedia
214
Hymenopodini- Pseudocreobotra occellata
211
Hymenopodini- Pseudocreobotra occellata
216
217
Hymenopodini- Chloroharpax modesta
Hymenopodini- Panurgica fratercula
218
Hymenopodini- Panurgica compressicollis
219
HymenopodiniHymenopus coronatus
215
HymenopodiniTheopropus elegans
221
Hymenopodini- Theopropus elegans
222
220
Hymenopodini- Creobroter apicalis
Hymenopodini- Creobroter laevicollis
223 224
Hymenopodini- Creobroter sp.
Ceratocrania
macra
(227)
Phyllothelys westwoodi
(210) (226)
Phyllothelys decipiens
228
229 Phyllothelys decipiens
Phyllocrania paradoxa
Sibylla (Sibyllopsis) operosa
(230)
Sibylla dives
232
231
Sibylla pretiosa
233
Sibylla pretiosa
Oxypilini- Ceratomantis ghatei sp. n.
Oxypilini- Ceratomantis borneensis sp. n.
236
Acromantini- Ephestiasula intermedia
(235)
(225)
(238) 239
Acromantini- Hestiasula masoni
Acromantini- Hestiasula inermis
240
Acromantini- Hestiasula phyllopus
(237)
Oxypilini- Junodia amoena
Oxypilini- Oxypilus (Oxypilus) hamatus
241
Oxypilini- Oxypilus (Setoxypilus) nigericus
242
Oxypilini- Oxypilus (Setoxypilus) transvalensis
244
243
Oxypilini- Oxypilus (Setoxypilus) sp.
Oxypilini- Oxypilus (Oxypilus) masutus
245
(234)
Acromantini- Otomantis rendalli
248
Acromantini- Otomantis scutigera
247
Acromantini- Otomantis sp.
249
Acromantini- Anasigerpes bifasciata
Acromantini- Chrysomantis cachani
250
Acromantini- Oxypiloidea tridens
251
AcromantiniChrysomantis sp.
252 253
(246)
Acromantini- Oxypiloidea subcornuta
Acromantini- Psychomantis borneensis
255
Acromantini- Ephippiomantis ophirensis
Acromantini- Acromantis insularis
(254)
Acromantini- Acromantis sp.
256 (259)
Acromantini- Acromantis montana
Acromantini- Rhomantis moultoni
(257)
Acromantini- Citharomantis falcata
(258)
261 Acromantini- Acromantis sp.
(260)
Acromantini- Acromantis sp.
212

213

271

270

Figure 9.
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272

273

Angelini- Euchomenella sp.
Angelini- Euchomenella sp.
Deroplatys desiccata
Deroplatys truncata
Deroplatys sp.
Deroplatys rhombica
274 275
Deroplatys rhombica
276 Deroplatys rhombica

Acanthopinae

Acanthopinae

Acontiothespinae Acontiothespini Acontista sp.

Acontiothespinae Acontiothespini Raptrix fusca

Acontiothespinae Acontiothespini Raptrix persiara

Acontiothespinae Acontiothespini Raptrix perspicua

Acanthopidae

Acanthopidae

Acanthopidae

Acanthopidae

Acanthopidae

100
84
100 100
100 100
100 100 100

MN219
MN111
MN113
MN203

28

0

0

99 100 100 100 100

99 100 100 100 100

74 100

EF384041 NA
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84 100 100 100 100 100 100 100 100

100
100

100 100 100
84
100
100

100 100
100

100 100 100 100 100 100 100 100 100 100 EF383253 EF383412 EF383572 EF383738 EF383894 EF384023 EF384150

MN327
MN337
MN239
MN055
MN054
MN053
MN056
MN022
MN008
MN217
MN270
MN193

Amorphoscelis sp.
Amorphoscelis sp.
Caudatoscelis marmorata
Cliomantis cornuta
Cliomantis obscura
Gyromantis occidentalis
Gyromantis occidentalis
Paraoxypilus tasmaniensis
Paraoxypilus verreauxii
Chaeteessa valida
Blepharopsis mendica

Amorphoscelidae Amorphoscelinae

Amorphoscelidae Amorphoscelinae

Amorphoscelidae Amorphoscelinae

Amorphoscelidae Paraoxypilinae

Amorphoscelidae Paraoxypilinae

Amorphoscelidae Paraoxypilinae

Amorphoscelidae Paraoxypilinae

Amorphoscelidae Paraoxypilinae

Amorphoscelidae Paraoxypilinae

Blepharodinae

Blepharodinae

Chaeteessidae

Empusidae

Empusidae

Idolomantis diabolica

100 100 100 100

MN317

Amorphoscelis sp.

Amorphoscelidae Amorphoscelinae

Idolomantini

100 100 100 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100 100 100 EF383286 EF383444 EF383605 EF383771 EF383925 EF384055 EF384182
AY491320 AY491376

100 100 100 100 100 100 100 100 100 100

MN240

Amorphoscelis sp.

Amorphoscelidae Amorphoscelinae

AT- captive bred

AA- captive bred

NT- Peru

AU- Australia

AU- Australia

AU- Australia

AU- Australia

AU- Australia

AU- Australia

AT- Ghana

IM- Borneo

IM- Borneo

IM- Borneo

AT- Ghana

98

97

86

99 100

99

99

0

88 100 100

34

85

0

0

0 100

0
93 100

98

67 100 100 100

0 100 100

35

97

98 100 100 100 100 100 100
72 100 100

80

86

72 100

99 100 100

94 100 100

89 100

98

97

86 100 100

89 100 100 100

0 100

98 100

75 100 100 100

75 100

87

97

99

AY491318 AY491375

38

50
NA

NA

NA

96 EF383154 EF383314 EF383474 EF383636

EF383950 AY491332

98 EF383164 EF383324 EF383484 EF383646 EF383808 AY491288 AY491346

96 EF383180 EF383340 EF383500 EF383660 EF383824 AY491321 AY491377

95

98 EF383179 EF383339 EF383499 EF383659 EF383823 AY491319 EF384079

96

99

85

98

99

NA

100 100

97

96

MN081

IM- India

99 100 100 100 100 100

74 100

Amorphoscelis singaporana

IM- Borneo

100 100 100 100 100 100 100

Amorphoscelidae Amorphoscelinae

99 EF383213 EF383373 EF383533 EF383696 EF383856 EF383983 EF384112

87 EF383184 EF383344 EF383504 EF383664 EF383828 EF383954 EF384083

96 EF383247 EF383406 EF383566 EF383732 EF383888 EF384017 EF384144

97

95

100

99 100 100 100 100 100

44 100 100

0

EF383590 EF383756 NA

98 EF383217 EF383377 EF383537 EF383700 EF383860 EF383987 EF384116

28 EF383271 NA

97 EF383232 EF383392 EF383552 EF383715 EF383874 EF384002 EF384131

97

MN318

96

92 100

0
18

12SrRNA

Amorphoscelis borneana

100 100

100 100

0

16SrRNA

95 EF383218 EF383378 EF383538 EF383701 EF383861 EF383988 EF384117

94

18SrRNA

Amorphoscelidae Amorphoscelinae

MN103

MN061

0

97 100 100 100 100 100

42

89

81 100

99 100 100 100 100

98 100 100

0
97

28SrRNA

Amorphoscelis austrogermanicaAT- South Africa MN176

IM- Borneo

IM- India

97

95

52

96

74

100 100 100 100 100 100 100 100

0

69

100 100 100 100

MN146

99 100 100 100

96 100 100 100 100

MN311

NT- French Guiana MN177

NT- Guyana

NT- Peru

NT- Bolivia

NT- Peru

NT- Costa Rica

NT- Bolivia

96

97

100 100

96

100

Unique Identifier
MN112

12SrRNA
16SrRNA
18SrRNA
28SrRNA
Cytochrome Oxidase I
Cytochrome Oxidase II
Histone 3
ND4
Wingless
TOTALS

MN085

Cytochrome Oxidase I

Amorphoscelidae Amorphoscelinae

Amorphoscelis annulicornis

Pseudacanthops sp.

Metilia brunnerii

Metilia boliviana

NT- Bolivia

Cytochrome Oxidase II

Amorphoscelis borneana

Blepharodini

Acanthopini

Acanthopini

Acanthopini

Collection Location
NT- Panama

Histone 3

Amorphoscelidae Amorphoscelinae

Amorphoscelidae Amorphoscelinae

Acanthopinae

Acanthops sp.

Acanthops sp.

Acanthopidae

Acanthopini

Acanthopini

Acanthopidae

Family

Acanthopinae

Subfamily

Acanthopinae

Tribe

Acanthopidae

Species

Acanthopidae

Appendix- Taxonomic Sampling, Collection Country, Biogeographic Categories, Data
Set Coverage, and GenBank Accession Numbers for the Current StudyWingless
ND4
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Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Acromantinae

Epaphroditinae

Hymenopodinae

Hymenopodinae

Hymenopodinae

Hymenopodinae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodidae

Hymenopodini

Hymenopodini

Hymenopodini

Hymenopodini

Phyllocranini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Acromantini

Creobroter laevicollis

Creobroter apicalis

Congoharpax aberrans

Chloroharpax modesta

Phyllocrania paradoxa

Rhomantis moultoni

Psychomantis borneensis

Oxypiloidea tridens

Oxypiloidea subcornuta

Otomantis sp.

Otomantis scutigera

Otomantis rendalli

Hestiasula phyllopus

Hestiasula masoni

Hestiasula inermis

Euantissa pulchra

Euantissa pulchra

Ephippiomantis ophirensis

Ephestiasula intermedia

Citharomantis falcata

Chrysomantis sp.

Chrysomantis cachani

Anaxarcha limbata

Anaxarcha intermedia

Anasigerpes bifasciata

Acromantis sp.

Acromantis sp.

Acromantis sp.

Acromantis montana

Acromantinae

Hymenopodidae

Acromantini

Acromantis insularis

Acromantini

Acromantinae

Idolomorpha dentifrons

Hymenopodidae

Idolomorphini

Gongylus gongylodes

Eremiaphila sp.

Empusinae

Empusidae

Empusini

Empusa sp.

Empusa guttula

Eremiaphila rotundipennis

Empusinae

Empusidae

Empusini

Empusini

Eremiaphilidae

Empusinae

Empusidae

Eremiaphilidae

Empusinae

Empusidae
100
100

MN131
MN006

99

99

84
100 100 100 100 100 100 100 100 100 100
100 100 100 100 100 100 100

MN004
MN321
MN339

100 100 100 100
100 100
95 100
83 100 100 100 100 100 100 100 100
100 100
100 100 100
100 100 100 100
100 100

MN005
MN102
MN063
MN330
MN077
MN201
MN199
MN297

97

92 100 100

47

93

0

92 100

86 100

98

100 100 100 100 100 100 100

97

78

92 NA

85

89 EF383257 EF383416 EF383576 EF383742

96

NA

EF384027 EF384154

100 100 100 100 100 100 100 100 100 100 EF383281 EF383439 EF383600 EF383766 EF383920 EF384050 EF384177
100 100 100 100 100 100 100 100 100 100 EF383278 EF383436 EF383597 EF383763 EF383917 EF384048 EF384174
98 EF383194 EF383354 EF383514 EF383675 EF383837 EF383964 EF384093

100 100 100 100

100 100
100

MN234
MN229
MN072
MN073

IM- India

IM- India

AT- Ghana

AT- Ghana

0

100 100

94

95

98

98
97 100

99

98

92 100 100 100

92 100 100 100

78 100 100 100

99 100 100 100 100 100

91

98 EF383157 EF383317 EF383477 EF383639 EF383801 AY491277 AY491335

99 EF383215 EF383375 EF383535 EF383698 EF383858 EF383985 EF384114

NA

MN011

99

82

96 EF383306 EF383465 EF383625 EF383792 EF383946 EF384077

MN106

AT- Africa

IM- Malaysia

80 100

73 100

69 100 100 100 100 100 100 100 100

0 100 100

MN320

IM- Borneo

99 100

99 100

99 100 100 100

EF383956 EF384085

94 EF383198 EF383358 EF383518 EF383679 EF383841 EF383968 EF384097

99

66 EF383186 EF383346 EF383506 EF383666/7NA

98 100 100 EF383239 EF383399 EF383559 EF383724 EF383880 EF384009 EF384137

99 100

AY491273 AY491330

99 EF383212 EF383372 EF383532 EF383695 EF383855 EF383982 EF384111

99

99 EF383274 EF383432 EF383593 EF383759 EF383913 EF384044 EF384170

96

99 EF383294 EF383452 EF383613 EF383779 EF383933 EF384063 EF384190

100 100

AT- Zambia

99

98

AY491272 AY491329

91 EF383200 EF383360 EF383520 EF383681/2EF383843 EF383970 EF384099
64

MN289

88 100 100

MN161

99

99 100

0 100 100

46 100 100 100 100

MN155

28 100

75 100

0

99

0 100 100 100 100

51 100 100

100 100
96

71

35 100

99 100 100 100 100

99

78

92 100 100 100

88 100 100 100

0 100 100 100 100 100

98

98

85

97 100 100

97

97 100 100 100 100 100 100

99

MN290

MN340

100 100

MN225

97

99 100 100 100 100

100 100

98 100

100 100

MN080

58

99

MN253

96

0

97 EF383196 EF383356 EF383516 EF383677 EF383839 EF383966 EF384095

98 100 100 100 100 100 EF383287 EF383445 EF383606 EF383772 EF383926 EF384056 EF384183

88 100

100 100 100 100

0

92 100 100 100

MN241

0 100 100

72 100

76

AT- South Africa MN281

AT- captive bred

AT- Zimbabwe

AT- Zambia

IM- Borneo

IM- India

IM- India

IM- India

IM- India

IM- Borneo

IM- India

IM- Borneo

AT- Africa

AT- Ghana

IM- India

IM- India

AT- Ghana

IM- Borneo

IM- Borneo

IM- Thailand

97

92 100 100

92

100 100

99 100

0

0

MN082

IM- India

95

71

92 100 100

97 100 100

85

100 100

99

MN075

IM- India

97

93 EF383187 EF383347 EF383507 EF383668 EF383830 EF383957 EF384086

AA- captive bred

AA- India
100 100 100 100

94 EF383152 EF383312 EF383472 EF383634 EF383797 AY491274 AY491331

97

100 100

0

95 EF383226 EF383386 EF383546 EF383709 EF383869 EF383996 EF384125

MN192

99

79

24

MN064

99 100

99 100

91 100 100 100
98 100

99 100 100

97

97

100 100 100 100 100 100 100 100 100 100 EF383246 EF383405 EF383565 EF383731 EF383887 EF384016 EF384143

83

87

100 100

MN132

AT- South Africa MN175

IM- India

EU- Europe

AT- Zimbabwe

NA
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Hapalomantinae

Hapalomantinae

Iridopteryginae

Iridopteryginae

Nanomantinae

Nanomantinae

Nanomantinae

Nilomantinae

Tropidomantinae Tropidomantini Eomantis guttatipennis

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Nilomantini

Nanomantini

Fulcinini

Fulcinini

Iridopterygini

Iridopterygini

Hapalomantini

Hapalomantini

Hapalomantini

IM- captive bred

IM- Borneo

AT- captive bred

AT- Ghana

AT- Africa

AT- Ghana

AT- Zambia

IM- India

AT- Namibia

Nilomantis edmundsi

Sceptuchus simplex

Tylomantis sp.

Calofulcinia sp.

Hapalopeza nitens

Hapalopeza nilgirica

Tarachina sp.

Tarachina occidentalis

Hapalomantis orba

100 100 100
100 100 100 100 100 100 100 100

100 100 100 100 100 100 100 100 100 100 EF383259 EF383418 EF383578 EF383744 EF383899 EF384029 EF384156
100
100 100 100 100 100 100 100
100 100
100

MN166
MN326
MN204
MN286
MN246
MN205
MN287
MN154

100

IM- India

AT- Ghana

IM- Borneo

AU- PNG

AU- PNG

IM- Borneo

IM- India

0

0

79 100

94 100

99 100 100 100 100 100

90 100 100 100 100 100

99 100 100 100

89 100

84 100 100 100 100

0 100 100

88

98 100

97

90 100 100 100

89 100 100 100

77 100 100 100

99

90

76

AY491306 AY491363

AY491287 AY491345

100 100 100 100 100
100 100

100 100 100 100
100 100

MN047
MN104
MN244
MN074

98

97

92 100

80 100

97

96 EF383214 EF383374 EF383534 EF383697 EF383857 EF383984 EF384113

99 EF383175 EF383335 EF383495 EF383656 EF383819 AY491312 AY491370

99 EF383292 EF383450 EF383611 EF383777 EF383931 EF384061 EF384188

89

96 EF383192 EF383352 EF383512 EF383673 EF383835 EF383962 EF384091

97 100

92

93 100

0

94 EF383195 EF383355 EF383515 EF383676 EF383838 EF383965 EF384094

99 100 100 100 100 100 EF383290 EF383448 EF383609 EF383775 EF383929 EF384059 EF384186

99 100

0
98 100
89 100 100

98 100 100 100 100

51

56

99

100 100

95

92 100 100
98 100

97

98 100 100 100 100

MN251

98

99

99 100

96

96

100 100

99

97

98

97 EF383172 EF383332 EF383492 AY491252 EF383816 AY491309 AY491366

99

MN316

96 100 100 100 100

85 100 100 100 100

NA

99 EF383177 EF383337 EF383497 EF383657 EF383821 AY491316 AY491373

98

87

NA

99 EF383260 EF383419 EF383579 EF383745 EF383900 EF384030 EF384157

99

96

96

100 100

99

91 100

EF383885 EF384014 NA

100 100

98

98 100

89

90 100 100 100 100

98 100

97 100

99

98 100 100 100 100 100 100

98 100 100

97

89

NA

65 EF383241 EF383400 EF383561 EF383726/7EF383882 EF384011 EF384139

96

38 EF383244 EF383403 NA

MN070

100 100

AT- South Africa MN280

AT- Zimbabwe

0 100
66 100 100

MN140

100 100

MN291

AT- Ghana

97

93

99

92 100

36

92

42 100

100 100 100 100 100 100 100 100 100 100 EF383284 EF383442 EF383603 EF383769 EF383923 EF384053 EF384180

100 100

MN292

AT- Zambia

0
99 100

MN237

84 100
100 100

99

100

MN051

0

84
100 100

MN040

MN043

AT- Namibia

AT- Namibia

0
95

100 100 100 100 100 100 100 100 100 100

MN021

MN258

AT- Namibia

AU- Australia

AU- Australia

99 100

0

96

78

AY491283 AY491341

100 100

93

98 EF383276 EF383434 EF383595 EF383761 EF383915 EF384046 EF384172

MN094

82 100

87 100 100 100

98 100 100 100 100 100 EF383280 EF383438 EF383599 EF383765 EF383919 EF384049 EF384176

91

MN170

95

100 100 100 100

89

MN231

87

100

98 EF383156 EF383316 EF383476 EF383638 EF383800 AY491276 AY491334

EF383458 EF383619 EF383785 EF383939 EF384069 EF384195

100 100 100 100 100 100 100

98 100

98

MN017

89 100

90 100 100 100 100

98 100

98 100

MN227

AT- South Africa MN172

AT- Zimbabwe

Hapalomantis congica katangicaAT- Zambia

Bolbena sp.

Bolbena maraisi

Bolbena hottentotta

Bolbena hottentotta

Bolbe pygmea

Bolbe pallida

Oxypilus transvalensis

Hapalomantinae

Oxypilus (Setoxypilus) sp.

Iridopterygidae

Hapalomantini

Hapalomantini

Hapalomantini

Hapalomantini

Hapalomantini

Hapalomantini

Hapalomantini

Oxypilini

MN232

Oxypilus (Setoxypilus) nigericusAT- Zambia

Hapalomantinae

Oxypilini

Oxypilini

Oxypilus (Oxypilus) masutus

Iridopterygidae

Oxypilinae

Hymenopodidae

Oxypilini

98 100 100
100 100 100 100 100 100 100 100 100 100

MN010

AT- Ghana

AT- Africa

Oxypilus (Oxypilus) hamatus AT- Ghana

Junodia amoena

Hapalomantinae

Oxypilinae

Hymenopodidae

Oxypilini

Oxypilini

Iridopterygidae

Oxypilinae

Hymenopodidae

Ceratomantis ghatei sp. n.

Hapalomantinae

Oxypilinae

Hymenopodidae

Oxypilini

100 100

99

MN288

AT- Zambia

99 100 100 100 100

99 100 100 100 100 100 100 100

98 100

97 100

100 100

MN092

AT- South Africa MN266

IM- Borneo

Ceratomantis borneensis sp. n. IM- Borneo

Theopropus elegans

Hapalomantinae

Oxypilinae

Hymenopodidae

Oxypilini

Hymenopodini

Iridopterygidae

Oxypilinae

Hymenopodidae

Theopropus elegans

Pseudoharpax uganda

Iridopterygidae

Hymenopodinae

Hymenopodidae

Hymenopodini

Hymenopodini

Hapalomantinae

Hymenopodinae

Hymenopodidae

Pseudocreobotra occellata

Iridopterygidae

Hymenopodinae

Hymenopodidae

Hymenopodini

Pseudocreobotra occellata

Panurgica fratercula

Hapalomantinae

Hymenopodinae

Hymenopodidae

Hymenopodini

Hymenopodini

Iridopterygidae

Hymenopodinae

Hymenopodidae

Panurgica compressicollis

Hymenopus coronatus

Hapalomantinae

Hymenopodinae

Hymenopodidae

Hymenopodini

Hymenopodini

Oxypilinae

Hymenopodinae

Hymenopodidae

Galinthias amoena

Iridopterygidae

Hymenopodinae

Hymenopodidae

Hymenopodini

Galinthias amoena

Creobroter sp.

Hymenopodidae

Hymenopodinae

Hymenopodidae

Hymenopodini

Hymenopodini

Oxypilinae

Hymenopodinae

Hymenopodidae

Hymenopodidae

Hymenopodinae

Hymenopodidae
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Tropidomantinae Tropidomantini Miromantis mirandula

Tropidomantinae Tropidomantini Miromantis mirandula

Tropidomantinae Tropidomantini Neomantis hyalina

Tropidomantinae Tropidomantini Tropidomantis tenera

Tropidomantinae Tropidomantini Tropidomantis tenera

Tropidomantinae Tropidomantini Tropidomantis tenera

Tropidomantinae Tropidomantini Tropidomantis tenera

Tropidomantinae Tropidomantini Xanthomantis mantispoides

Tropidomantinae Tropidomantini Xanthomantis mantispoides

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Liturgusinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Iridopterygidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Liturgusidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Liturgusini

Liturgusini

Liturgusini

Liturgusini

Liturgusini

Liturgusini

Liturgusini

Liturgusini

Liturgusini

Liturgusini

Liturgusini

Liturgusini

Gimantis insularis

Elmantis trincomaliae

Elmantis trincomaliae

Elmantis nira

Elmantis nira

Dystactula grisea

Bolbella punctigera

Bimantis malaccana

Amantis tristis

Amantis sp.

Amantis reticulata

Amantis biroi

Theopompella chopardi

Stenomantis novaeguineae

Stenomantis novaeguineae

Stenomantis novaeguineae

Stenomantis novaeguineae

Liturgusa sp.

Liturgusa maya

Humbertiella similis

Humbertiella ocularis

Humbertiella ocularis

Hagiomantis superba

Dactylopteryx flexuosa

Ciulfina biseriata

Tropidomantinae Tropidomantini Kongobatha diademata

Iridopterygidae

Liturgusini

Tropidomantinae Tropidomantini Eomantis iridipennis

Iridopterygidae

100
80
100 100
100 100 100 100 100 100 100
100 100 100
100
68 100 100 100
100 100
100
100 100
100
100 100
100 100
99 100
100 100 100 100
100 100

MN099
MN335
MN036
MN242
MN215
MN093
MN334
MN069
MN145
MN116
MN030
MN037
MN038
MN039
MN230
MN083

99

99

99

98

98

IM- Borneo

IM- India

80 100

98 100

88 100 100

0

99

0

AY491304 AY491361

AY491303 AY491360

AY491296 AY491354

EF384001 EF384130

EF384175

58 NA

92 EF383201 EF383361 EF383521 EF383683 EF383844 EF383971 EF384100

93 EF383279 EF383437 EF383598 EF383764 EF383918 NA

98 EF383170 EF383330 EF383490 EF383652 EF383814 AY491305 AY491362

96

98

98

96

90 EF383231 EF383391 EF383551 EF383714 NA

99 EF383191 EF383351 EF383511 EF383672 EF383834 EF383961 EF384090

90

95

93 EF383267 EF383426 EF383586 EF383752 EF383907 EF384037 EF384164

100 100
100 100
100 100
100 100
100 100

MN254
MN296
MN071
MN261
MN100

25

99 100

92 100 100 100

92 100 100 100 100

90 100 100 100 100

71

0

0

98

97 100

92 100 100 100

95 100 100 100 100 100 100

95

98 100

98 100

99 100 100

71

68

90 100 100
99 100 100

99 100

98

99

98 EF383193 EF383353 EF383513 EF383674 EF383836 EF383963 EF384092

98

98

93 EF383256 EF383415 EF383575 EF383741 EF383897 EF384026 EF384153

92

87 NA

99

0 100 100 100

69

AY491302

100 100 100 100

0

66 100 100

0 100 100 100

84 100 100 100

88

100 100 100 100

IM- India

0

92 100 100 100

AT- South Africa MN197

IM- India

96

92 100 100 100

100 100 100 100 100 100 100

IM- India

0

92 100 100 100

86

NA

MN331

0

98

96

96

97

97

98

80

0 100 100
0

NA

98 100 100 EF383288 EF383446 EF383607 EF383773 EF383927 EF384057 EF384184

52

94

97 EF383210 EF383370 EF383530 EF383693 EF383853 EF383980 EF384109

92

97

96

96 EF383207 EF383367 EF383527 EF383690 EF383850 EF383977 EF384106

MN333

98 100

98

98 100

89 100

95

95 100

88 100 100

0

42 100 100

99

99 100 100

99

99 100

97

97

99

92

96 100

94 100 100

98

81

95

99 100 100 100

0

49 100

80 100

80 100

83 100 100 100

92 100

98 EF383178 EF383338 EF383498 EF383658 EF383822 AY491317 AY491374

100 100 100 100 100 100 100 100 100 100 EF383263 EF383422 EF383582 EF383748 EF383903 EF384033 EF384160

96

87

99

96

0

97 100 100 100

99 100 100

97

80 100

MN209

0

82 100 100 100 100 100 100

MN341

MN003

100 100 100 100 100 100 100

MN212

70

100 100

92 100

92 100 100 100

MN107

93

100 100

MN096
99 100 100

100 100 100 100

MN052

98

85

100 100 100 100 100 100 100 100 100 100

97 100 100 100 100

96 EF383262 EF383421 EF383581 EF383747 EF383902 EF384032 EF384159

MN338

0

95 100

69 100 100 100

42 100 100

MN323

81

100 100

MN306
97

100 100 100 100 100 100 100 100

MN208

AT- South Africa MN189

IM- Borneo

IM- Borneo

IM- India

IM- Thailand

IM- India

AT- Ghana

AU- PNG

AU- PNG

AU- Australia

AU- PNG

NT- Peru

NT- Costa Rica

IM- India

IM- Borneo

IM- Borneo

NT- Peru

AT- Ghana

AU- Australia

IM- Borneo

IM- Borneo

IM- Borneo

IM- Borneo

IM- Malaysia

IM- Borneo

AU- Australia

IM- Borneo

IM- Borneo

AU- Australia

IM- India
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Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Amelinae

Angelinae

Angelinae

Angelinae

Angelinae

Angelinae

Antemniinae

Choeradodinae

Choeradodinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Chroicopterinae

Compsothespinae

Deroplatyinae

Deroplatyinae

Deroplatyinae

Deroplatyinae

Deroplatyinae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Chroicopterini

Antemniini

Angelini

Angelini

Angelini

Angelini

Angelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Amelini

Deroplatys sp.

Deroplatys rhombica

Deroplatys rhombica

Deroplatys rhombica

Deroplatys desiccata

Compsothespis sp.

Rogermantis royi

Namamantis nigropunctata

Ligentella zairensis

Ligentella beieri

Ligariella trigonalis

Ligariella gracilis

Ligaria brevicollis ignota

Ligaria brevicollis ignota

Ligaria brevicollis ignota

Entelloptera rogenhoferi

Entella orientalis

Entella delalandi

Chroicoptera saussurei

Choeradodis stalii

Choeradodis rhombicollis

Antemna rapax

Stenopyga ziela

Leptocola stanleyana

Euchomenella sp.

Euchomenella sp.

Angela sp.

Yersinia mexicana

Myrcinus tuberosus

Litaneutria minor

Gonypetyllis semuncialis

Gonypetyllis semuncialis

Gonypetella sp.

Gonypeta borneana

Gonypeta borneana

Gimantis insularis
99 100 100

95 EF383174 EF383334 EF383494 EF383655 EF383818 AY491311 AY491368

100 100
100 100
100 100
100 100
100 100
100 100 100 100 100 100 100
100 100
100 100 100 100
100 100
100 100 100 100 100
100 100

MN273
MN120
MN079
MN091
MN284
MN235
MN147
MN016
MN127

100 100
100 100

100 100 100 100 100 100 100 100 100 100 EF383266 EF383425 EF383585 EF383751 EF383906 EF384036 EF384163

MN260
MN299
MN213

NA

100 100

NA

MN041

84

100 100 100 100 100 100 100 100
100 100

69 100 100 100 100 100 100
100 100 100 100 100 100 100
100

MN348
MN272
MN325
MN347
MN168

IM- captive bred

IM- Borneo

IM- Borneo

IM- Borneo

IM- Borneo

86 100

99

0

0

96

80 100

71

67

71 100

71 100

71 100

0

0 100 100 100 100

61 100 100 100

96 100

98 100

94
100 100

96 100 100

64 100 100 100

MN282

AT- Zambia

97
99 100

100 100

92

100 100

AT- South Africa MN301

39 100 100 100

83

89 100 100 100

98 100 100 100 100 100

99 100 100

95 100

99

0 100 100 100 100

72 100 100

AT- South Africa MN302

AT- Namibia

AT- Namibia

AT- Namibia

AT- Namibia

98 100

NA
AY491307 AY491364

NA

83 EF383243 EF383402 EF383563 EF383729 EF383884 EF384013 EF384141

96

94

93

96

85

98

89

86

99 EF383296 EF383454 EF383615 EF383781 EF383935 EF384065 EF384192

99

85

94 EF383265 EF383424 EF383584 EF383750 EF383905 EF384035 EF384162

99

75

86

100 100

98

0

95

100 100 100 100

99 100 100 100 100

0 100 100 100

0

MN303

97

82

78 100 100 100

97 EF383250 EF383409 EF383569 EF383735 EF383891 EF384020 EF384147

MN211

AT- Zambia

AT- Zimbabwe

AT- Zimbabwe

88

98 100

0

96 EF383225 EF383385 EF383545 EF383708 EF383868 EF383995 EF384124

99 EF383161 EF383321 EF383481 EF383643 EF383805 AY491282 AY491340

99 EF383233 EF383393 EF383553 EF383716 EF383875 EF384003 EF384132

97 100

0

92 100 100 100

42

99 100 100 100

98 100 100 100

89

98 100

92 100 100 100

98 100 100

MN138

100

90

98

99 EF383199 EF383359 EF383519 EF383680 EF383842 EF383969 EF384098

95 EF383221 EF383381 EF383541 EF383704 EF383864 EF383991 EF384120

90 EF383301 EF383460 EF383620 EF383787 EF383941 EF384072 EF384197

92

98 100 100 100 100 100 EF383282 EF383440 EF383601 EF383767 EF383921 EF384051 EF384178

49 100 100 100 100

85 100

92 100 100 100

0

0

100 100

MN304

0
43

AT- South Africa MN300

AT- Zambia

100 100 100 100

AT- South Africa MN183

99

99

94

99 100

99 100

92 100 100

70 100

68

83 100 100

96 100 100

99 100

98

100 100 100 100

91

96

97

97

97

94

AT- South Africa MN182

NT- Peru

NT- Panama

NT- Costa Rica

AT- Ghana

AT- Zambia

IM- Borneo

IM- India

NT- Peru

NT- Costa Rica

98 100

99 100 100

96

MN257

IM- Borneo

89

NA- United States MN045

99 100

100 100 100 100 100 100 100 100 100 100 EF383264 EF383423 EF383583 EF383749 EF383904 EF384034 EF384161

97 100 100 100

MN210

IM- India

58

93

87

95 EF383208 EF383368 EF383528 EF383691 EF383851 EF383978 EF384107

100

0

0

95 100

67

MN089

IM- India

AT- Zambia
59 100 100

0

92 100 100

81 100 100 100 100 100

100 100

100 100 100 100 100 100 100 100 100 100

100 100 100 100

MN324

MN097

MN332

MN293

IM- Borneo

IM- Borneo

IM- Borneo
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Orthoderinae

Oxyothespinae

Oxyothespinae

Paramantinae

Paramantinae

Paramantinae

Paramantinae

Paramantinae

Paramantinae

Paramantinae

Paramantinae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Miomantinae

Mantidae

Orthoderinae

Miomantinae

Mantidae

Miomantinae

Miomantinae

Mantidae

Mantidae

Miomantinae

Mantidae

Mantidae

Miomantinae

Mantidae

Miomantinae

Miomantinae

Mantidae

Miomantinae

Mellierinae

Mantidae

Mantidae

Mantinae

Mantidae

Mantidae

Mantinae

Mantidae

Miomantinae

Mantinae

Mantidae

Mantidae

Mantinae

Mantidae

Miomantinae

Mantinae

Mantidae

Mantidae

Mantinae

Mantidae

Miomantinae

Mantinae

Mantidae

Mantidae

Dystactinae

Mantidae

Miomantinae

Dystactinae

Mantidae

Mantidae

Deroplatyinae

Mantidae

Mantini

Mantini

Mantini

Mantini

Mantini

Mantini

Archimantini

Archimantini

Oxyothespini

Oxyothespini

Rivetinini

Rivetinini

Rivetinini

Rivetinini

Miomantini

Miomantini

Miomantini

Miomantini

Miomantini

Miomantini

Miomantini

Miomantini

Miomantini

Mellierini

Polyspilotini

Polyspilotini

Polyspilotini

Polyspilotini

Polyspilotini

Polyspilotini

Mantini

Dystactini

Dystactini

Statilia maculata

Statilia apicalis

Statilia apicalis

Pseudomantis albofimbriata

Omomantis zebrata

Mantis religiosa

Austrovates variegata

Archimantis sobrina

Oxyothespis sp.

Heterochaetula fissispinis

Orthodera sp.

Orthodera novaezealandiae

Eremoplana iufelix

Deiphobella laticeps

Deiphobe sp.

Deiphobe sp.

Taumantis ehrmannii

Sphodropoda moesta

Parasphendale sp.

Miomantis sp.

Miomantis sp.

Miomantis sp.

Miomantis paykullii

Miomantis aurea

Cilnia humeralis

Xystropeltis sp.

Tenodera costalis

Tenodera aridifolia

Prohierodula ornatipennis

Polyspilota aeruginosa

Polyspilota aerinosa

Plistospilota guineensis

Mantis religiosa

Dystacta alticeps

Dystacta alticeps

Deroplatys truncata

100 100 100
100 100 100
100 100

MN236
MN167
MN248
MN249

53

0

100 100
100 100 100 100
100
0

MN256
MN265
MN066
MN159

IM- India

AU- Australia

AU- PNG

AU- Australia

AT- captive bred

0

99

99

100 100 100
100 100

MN012
MN084

99

95 100

100 100

MN062

89

100 100 100

MN050

EF384070 NA

97
92 100 100 100

92 100 100

60

97 100
78 100 100

EF383560 EF383725 EF383881 EF384010 EF384138

NA

NA

AY491299 AY491357

NA

99 EF383151 EF383311 EF383471 EF383633 EF383796 AY491270 AY491327

98 EF383202 EF383362 EF383522 EF383684 EF383845 EF383972 EF384101

97 EF383158 EF383318 EF383478 EF383640 EF383802 AY491278 AY491336

84

97 EF383261 EF383420 EF383580 EF383746 EF383901 EF384031 EF384158

98

99 EF383153 EF383313 EF383473 EF383635 EF383798 EF383949 EF384078

9 NA

85 EF383189 EF383349 EF383509 EF383670 EF383832 EF383959 EF384088

91 EF383298 EF383457 EF383618 EF383784 EF383938 EF384068 EF384194

92

92 EF383240 NA

99 EF383303 EF383462 EF383622 EF383789 EF383943 EF384074 EF384198

98 EF383255 EF383414 EF383574 EF383740 EF383896 EF384025 EF384152

99

95

96

98 100

97 100

99

90 100
47 100 100

92

92 100 100

99 100 100 100

0

52

89

0

AY491313 AY491371

90 EF383185 EF383345 EF383505 EF383665 EF383829 EF383955 EF384084

96 EF383176 EF383336 EF383496 AY491259 EF383820 AY491315 AY491372

99

91 NA

99 100 100 100 100 100 100 EF383304 EF383463 EF383623 EF383790 EF383944 EF384075

99 100 100

100 100

0 100 100

100 100

MN048

MN314

MN276

0

0

92 100 100 100

0 100 100

100 100 100 100 100

98

0

99

99 100

91

60

91 100 100 100

53 100

92 100

71

99

82 100 100 100 100

95

95

0

43

39 100 100

83 100 100

98 100 100

99 100

98

100 100

MN283

98

100 100 100 100

MN207

98 100

100 100

MN033

NA- United States MN001

AU- Australia

AU- Australia

AT- Zambia

IM- India

AU- Australia

0

97

98

99 100

100 100 100 100

26

87

0

100

MN163

46

90

0

0

99 100 100 100 100 100 100

83 100

MN275

AU- New Zealand MN007

AA- captive bred

IM- India

IM- India

IM- India

AT- captive bred

AU- Australia

97 100 100 100 100

100 100 100 100 100 100 100 100

100 100 100

95

97

MN195

MN196

100 100 100 100 100 100 100

EF383786 NA

98 100 100 EF383277 EF383435 EF383596 EF383762 EF383916 EF384047 EF384173

83 NA

39 EF383299 EF383459

100 100 100 100 100 100 100 100 100 100

0

0

100 100 100 100 100 100 100

100 100 100 100 100 100 100

AT- captive bred

31

AY491271 AY491328

99 EF383166 EF383326 EF383486 EF383648 EF383810 AY491291 AY491349

63

99 EF383291 EF383449 EF383610 EF383776 EF383930 EF384060 EF384187

MN245

AT- South Africa MN191
AT- captive bred

0 100

84 100 100 100

94

45 100 100 100

0

98

83

MN228

0 100 100 100

47

100

MN268
45

100 100 100 100

0

95 100 100 100 100 100 100

0 100 100

78

96

96 EF383252 EF383411 EF383571 EF383737 EF383893 EF384022 EF384149

99 100 100 100 100 100 100

MN025

MN308

0

59 100 100 100 100 100

AT- South Africa MN181

AT- Ghana

AT- Ghana

AT- Namibia

NT- Mexico

AU- Australia

NA- United States MN002

AT- Ghana

AT- Ghana

AT- captive bred

AT- Ghana

84

100 100 100 100 100 100 100 100 100 100 EF383283 EF383441 EF383602 EF383768 EF383922 EF384052 EF384179
89 EF383242 EF383401 EF383562 EF383728 EF383883 EF384012 EF384140

100 100 100 100 100 100 100 100

MN247

AT- Ghana

0

96

100 100 100 100 100 100 100 100

96

AT- South Africa MN188

0

100 100 100 100 100 100 100 100

0

100 100 100 100 100 100 100 100

MN349

AT- South Africa MN187

IM- Borneo
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Phyllotheliinae

Phyllotheliinae

Schizocephalinae

Stagmatopterinae Stagmatopterini Oxyopsis sp.

Stagmatopterinae Stagmatopterini Parastagmatoptera sp.

Stagmatopterinae Stagmatopterini Parastagmatoptera sp.

Stagmatopterinae Stagmatopterini Parastagmatoptera sp.

Stagmatopterinae Stagmatopterini Stagmatoptera sp.

Stagmatopterinae Stagmatopterini Stagmatoptera sp.

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Schizocephala bicornis

Phyllothelys westwoodi

Phyllothelys decipiens

Phyllothelys decipiens

Ceratocrania macra

Photina sp.

Orthoderella ornata

Orthoderella ornata

Microphotina vitripennis

Macromantis nicaraguae

Cardioptera squalodon

Brunneria sp.

Phyllotheliinae

Photinini

Photinini

Photinini

Photinini

Photinini

Photinini

Photinini

Mantidae

Coptopteryx sp.

Coptopteryx sp.

Tarachomantis caldwellii

Phyllotheliinae

Coptopterygini

Coptopterygini

Paramantini

Mantidae

Photininae

Mantidae

Tamolanica tamolana

Photininae

Paramantinae

Mantidae

Paramantini

Sphodromantis viridis

Photininae

Paramantinae

Mantidae

Paramantini

Sphodromantis lineola

Rhombodera basalis

Mantidae

Paramantinae

Mantidae

Paramantini

Paramantini

Mantidae

Paramantinae

Mantidae

Hierodulella reticulata

Hierodulella celebensis

Photininae

Paramantinae

Mantidae

Paramantini

Paramantini

Mantidae

Paramantinae

Mantidae

Hierodula sp.

Photininae

Paramantinae

Mantidae

Paramantini

Hierodula sp.

Mantidae

Paramantinae

Mantidae

Paramantini

Hierodula sp.

Photininae

Paramantinae

Mantidae

Paramantini

Hierodula schultzei

Photininae

Paramantinae

Mantidae

Paramantini

Camelomantis moultoni

Mantidae

Paramantinae

Mantidae

Paramantini

Statilia sp.

Mantidae

Paramantinae

Mantidae

Mantini

Statilia nemoralis

Photininae

Paramantinae

Mantidae

Mantini

Statilia maculata

Statilia maculata

Mantidae

Paramantinae

Mantidae

Mantini

Mantini

Photininae

Paramantinae

Mantidae

Mantidae

Paramantinae

Mantidae

100 100
100
100 100

MN044
MN018
MN019

NT- Peru

NT- Panama

NT- Costa Rica

NT- Peru

NT- Panama

NT- Bolivia

IM- India

IM- India

IM- Borneo

IM- Borneo

IM- Borneo

92 100 100

99 100

98

95

100 100

100 100 100 100
82 100
100

100 100
100 100

MN294
MN028
MN125
MN151
MN029
MN117

62

100 100

96

97

71

99

92 100 100

88

96

99 100

95

29

95 100 100

99 100

97

97 100 100 100

87

88 100 100

85 100

92 100 100 100

49 100 100 100 100

98

99 100

94

98 100

96

95

97

95 100

0

92 100 100 100

MN065

99 100

100 100

MN076

99

96

92 100 100 100

100 100 100 100 100 100 100

99

MN329

99

0

98 100 100 100

100

97

0

0

0

0

87 100 100

89 100

38 100 100 100

92 100
98

99

99 100

95 100 100 100 100

92

98

33 100

MN101
46

97 100

99 100

73

95 100 100

60 100 100 100 100

98 100 100

99

97

0 100 100

100 100

NT- Bolivia
MN328

100 100

MN295

87

MN129

84

100 100

MN144

96

96

99 100

100 100 100 100 100 100 100

100 100

MN124

38

100

97

92 100 100

45 100 100 100 100

98 100 100

99 100 100 100 100 100

0 100 100 100
100 100

MN136

MN059

MN310

100 100

MN020

87 100

99 100

99 100

96 100

99 100

85 100 100 100

100

98 100 100

MN013

75

69 100 100 100 100 100 100
100

54

MN015

0

MN344

89 100

14 100 100 100 100 100 100

MN060

NT- Bolivia

78 100 100

90 100 100 100

84

100 100 100

100 100

NT- Argentina

98 100

94

97 100 100

0

0

0

0

89 100 100 100

98

MN342

NT- French Guiana MN271

NT- Costa Rica

98

95 100

99

99

81 100 100 100 100 100 100

49

99

99 100

97

98 100 100 100 100 100

MN345

MN343

100

MN130
66

84 100

92 100 100

MN255

98 100 100

100 100

96 100 100 100 100

MN078

0 100 100
100 100 100 100 100 100 100 100

MN346

MN336

NT- French Guiana MN178

NT- Bolivia

NT- Chile

NT- Argentina

AT- Madagascar

AU- PNG

AT- Africa

AT- Africa

IM- Borneo

IM- Borneo

IM- Borneo

IM- Borneo

AU- Australia

IM- Asia

AU- PNG

IM- SE Asia

IM- India

IM- India

IM- Borneo

IM- Borneo

NA

AY491285 AY491343

AY491279 AY491337

EF383940 EF384071 EF384196

AY491294 AY491352

AY491295 AY491353
99 EF383220 EF383380 EF383540 EF383703 EF383863 EF383990 EF384119

98

94 EF383235 EF383395 EF383555 EF383718/9EF383877 EF384005 EF384134

94

99

90

98 EF383188 EF383348 EF383508 EF383669 EF383831 EF383958 EF384087

99 EF383197 EF383357 EF383517 EF383678 EF383840 EF383967 EF384096

96

95 EF383211 EF383371 EF383531 EF383694 EF383854 EF383981 EF384110

82 NA

97

98

99 EF383183 EF383343 EF383503 EF383663 EF383827 EF383953 EF384082

95 EF383300

93 EF383230 EF383390 EF383550 EF383713 EF383873 EF384000 EF384129

93 EF383248 EF383407 EF383567 EF383733 EF383889 EF384018 EF384145

95 EF383224 EF383384 EF383544 EF383707 EF383867 EF383994 EF384123

81 EF383228 EF383388 EF383548 EF383711 EF383871 EF383998 EF384127

95

87 NA

99 EF383163 EF383323 EF383483 EF383645 EF383807 AY491286 AY491344

99

97 EF383160 EF383320 EF383480 EF383642 EF383804 AY491281 AY491339

98

96

88

99

98

93 EF383162 EF383322 EF383482 EF383644 EF383806 AY491284 AY491342

99 EF383173 EF383333 EF383493 EF383654 EF383817 AY491310 AY491367

97

95

95

96

90 NA
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Stagmomantinae Stagmomantini

Stagmomantinae Stagmomantini

Stagmomantinae Stagmomantini

Stagmomantinae Stagmomantini

Stagmomantinae Stagmomantini

Stagmomantinae Stagmomantini

Stagmomantinae Stagmomantini

Stagmomantinae Stagmomantini

Vatinae

Vatinae

Vatinae

Vatinae

Vatinae

Vatinae

Vatinae

Vatinae

Vatinae

Vatinae

Vatinae

Vatinae

Vatinae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantidae

Mantoida sp.
Mantoida sp.
Mantoida sp.
Mantoida sp.
Metallyticus fallax
Metallyticus fallax
Metallyticus splendidus
Metallyticus splendidus
Sibylla (Sibyllopsis) operosa

Sibyllinae

Sibyllinae

Sibyllinae

Sibyllinae

Caliridinae

Mantoididae

Mantoididae

Mantoididae

Mantoididae

Metallyticidae

Metallyticidae

Metallyticidae

Metallyticidae

Sibyllidae

Sibyllidae

Sibyllidae

Sibyllidae

Tarachodidae

Gildella suavis

Sibylla pretiosa

Sibylla pretiosa

Sibylla dives

Mantoida schraderi

Vates sp.

Vates sp.

Vates sp.

Vates pectinacornis

Pseudovates denticulata

Phyllovates cingulata

Phyllovates chlorophaea

Heterochaeta strachani

unknown

Popa undata

Popa spurca

Mantidae

Danuria (Danuria) thunbergi

Stagmomantis vicina

Stagmomantis sp.

Stagmomantis sp.

Stagmomantis sp.

Stagmomantis sp.

Stagmomantis sp.

Stagmomantis limbata

Stagmomantis carolina

Oromantis sp.

Mantoididae

Vatini

Vatini

Vatini

Vatini

Vatini

Vatini

Vatini

Heterochaetini

Danuriini

Danuriini

Danuriini

Danuriini

Danuriini

Stagmomantinae Stagmomantini

Mantidae

100
100 100 100
100 100
100

MN278
MN279
MN024
85

26

100 100 100
98 100 100 100 100
100 100 100 100 100 100 100 100 100 100

MN160
MN026
MN214

42

48

100 100
100 100
100 100
100
100 100
100 100

MN118
MN119
MN128
MN009
MN109
MN110

99

87

97 100 100

100 100 100 100
100

100 100

MN135

IM- Borneo

MN098

97

0

0 100
85

23

49

100 100

0

0

0

0

0

94

92 100 100

52

84

AY491298 AY491356

NA

NA

NA

99

90

NA

99 EF383275 EF383433 EF383594 EF383760 EF383914 EF384045 EF384171

34

43 NA

75 NA

71

95

96 EF383249 EF383408 EF383568 EF383734 EF383890 EF384019 EF384146

94

95

98 EF383155 EF383315 EF383475 EF383637 EF383799 AY491275 AY491333

99

96

99

99 EF383159 EF383319 EF383479 EF383641 EF383803 AY491280 AY491338

87 NA

99 EF383167 EF383327 EF383487 EF383649 EF383811 AY491292 AY491350

62 EF383238 EF383398 EF383558 EF383722/3EF383879 EF384008 NA

78

96

73 100

91 EF383209 EF383369 EF383529 EF383692 EF383852 EF383979 EF384108

99 100 EF383245 EF383404 EF383564 EF383730 EF383886 EF384015 EF384142

97

84 100
99 100 100

92 100

95 100 100 100 100

0

0

99 100

98 100

74
0 100 100 100

0 100 100

100 100 100 100 100 100 100 100

0

34

60

MN285

31

84

MN226

0
87

0
84

99

98

MN156B

82 100

99

MN156A

0

MN157B

AT- South Africa MN173

AT- Zimbabwe

AT- Zambia

AT- Ghana

IM- Indonesia

IM- Indonesia

IM- Indonesia

0

87 100 100 100 100 100 100

0

0

0

92 100 100 100

98 100

95 100 100 100 100

99 100

93

99 100

88 100 100 100

99 100 100 100 100 100

100

MN157A 100

0

92 100 100 100

NT- French Guiana MN180

97

97

52

45 100 100 100 100

95 100 100

97

97

0

92 100 100 100

43 100

99 100 100

87 100 100

100 100

MN014

91 100

88 100 100 100 100

89 100 100 100

0 100 100 100

70

AY491290 AY491348

99 EF383227 EF383387 EF383547 EF383710 EF383870 EF383997 EF384126

83

100 100

59 100

99 100 100 100

89 100

100 100 100

98

99 100

64

MN307

97

MN164

97

98 100
100

100 100 100 100 100 100 100 100

IM- Indonesia

98

96

AY491293 AY491351

99 100 100 100 100 100 100 EF383305 EF383464 EF383624 EF383791 EF383945 EF384076 EF384199

84 100 100 100

78 100 100 100

NT- French Guiana MN179

NT- Bolivia

NT- Bolivia

NT- Costa Rica

NT- Bolivia

NT- Peru

NT- Peru

NT- Panama

84

MN133

95

94

93

99

99 EF383168 EF383328 EF383488 EF383650 EF383812 AY491297 AY491355

98 EF383165 EF383325 EF383485 EF383647 EF383809 AY491289 AY491347

96 EF383236 EF383396 EF383556 EF383720 EF383878 EF384006 EF384135

MN032

NT- French Guiana MN312

NT- Peru

NT- Panama

AT- captive bred

AU- Australia

AT- captive bred

AT- Zimbabwe

98 100 100 100 100

80 100 100

92 100 100 100

92 100 100 100

98 100

99 100 100
99

36

88 100 100

99 100 100 100 100 100 100

99

99

98 100

96

96

MN150

26

100

MN149

98

92

98 100 100 100

97 100 100 100

100

100 100

AU- PNG

99

99 100

MN027

AT- South Africa MN277

NT- Costa Rica

NT- Nicaragua

NT- Nicaragua

NT- Costa Rica

NT- Costa Rica

NT- Panama

100 100

NA- United States MN031

96

87 100 100 100

100 100
100

MN152

NA- United States MN023

NT- Costa Rica

NA
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Hoplocoryphinae Hoplocoryphini Hoplocorypha sp.

Hoplocoryphinae Hoplocoryphini Hoplocorypha sp.

Hoplocoryphinae Hoplocoryphini Hoplocorypha sp.

Oligonicinae

Oligonicinae

Oligonicinae

Oligonicinae

Oligonicinae

Oligonicinae

Oligonicinae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Oligonicini

Oligonicini

Oligonicini

Oligonicini

Oligonicini

Oligonicini

Oligonicini

Hoplocoryphinae Hoplocoryphini Hoplocorypha sp.

Thesprotiella peruana

Thesprotia sp.

Thesprotia macilenta

Thesprotia graminis

Oligonicella scudderi

Oligonicella punctulata

Bantia werneri

Haania lobiceps

Tarachodula pantherina

Tarachodes sp.

Tarachodes dissimulator

Tarachodes afzelii

Tarachodes afzelii

Pyrgomantis nasuta

Thespidae

Pyrgomantis jonesi

Paragalepsus toganus

Oxyophthalma engaea

Thespidae

Tarachodinae

Tarachodidae

Haaniinae

Tarachodinae

Tarachodidae

Nothogalepsus sp.

Thespidae

Tarachodinae

Tarachodidae

Nothogalepsus planivertex

Iris oratoria

Tarachodinae

Tarachodinae

Tarachodidae

Tarachodinae

Tarachodinae

Tarachodidae

Galepsus ulricae

Tarachodidae

Tarachodinae

Tarachodidae

Episcopomantis chalybea

Dysaules sp.

Tarachodidae

Tarachodinae

Tarachodidae

Tarachodinae

Tarachodinae

Tarachodidae

Dysaules longicollis

Tarachodinae

Tarachodinae

Tarachodidae

Dysaules himalayanus

Didymocorypha lanceolata

Tarachodidae

Tarachodinae

Tarachodidae

Tarachodidae

Tarachodinae

Tarachodidae

Antistia maculipennis

Leptomantella sp.

Tarachodinae

Tarachodinae

Tarachodidae

Tarachodidae

Caliridinae

Tarachodidae

Leptomantella sp.

Tarachodinae

Caliridinae

Tarachodidae

Leptomantella sp.

Tarachodinae

Caliridinae

Tarachodidae

Leptomantella albella

Leptomantella albella

Tarachodidae

Caliridinae

Tarachodidae

Tarachodidae

Caliridinae

Tarachodidae

MN322

100 100
100
100
100 100 100 100 100 100 100 100 100 100

MN259
MN194

AT- South Africa MN186
AT- South Africa MN174

MN224

MN243

99 100

99 100

96 EF383169 EF383329 EF383489 EF383651 EF383813 AY491300 AY491358

88

70 100 100

84 100
100 100
100 100
100

MN315
MN035
MN042
MN139

99
93

96

99

98 100

96 100

100 100
100 100
0 100
100 100
100 100

NA- United States MN057
NA- United States MN058
MN313
MN121
MN269

87

80

75

74

97 100

45

0

53 100 100 100

99 100

99 100 100 100

92 100 100 100

0

99 100

98

83 100 100

92

97 100 100 100 100

45

91 100

99 100

98

99 100 100

98 100

97

97

99

97

0

44

89 100 100 100

89 100 100 100

99 100 100

80 100

89 100

91 100 100 100

97

97

0

99 100

97 100 100

98 100 100

99 100

97

100 100 100 100 100 100 100 100

26

0 100

66

100

MN309

AY491301 AY491359

AY491314

88

99 EF383222 EF383382 EF383542 EF383705 EF383865 EF383992 EF384121

87 NA

96 EF383182 EF383342 EF383502 EF383662 EF383826 EF383952 EF384081

94 EF383181 EF383341 EF383501 EF383661 EF383825 EF383951 EF384080

95

93

96

91

98 EF383171 EF383331 EF383491 EF383653 EF383815 AY491308 AY491365

98

92

91 NA

95

99 EF383285 EF383443 EF383604 EF383770 EF383924 EF384054 EF384181

MN134

92 100 100 100 100

100 100 100 100 100 100 100 100 100 100

90

96 EF383273 EF383431 EF383592 EF383758 EF383912 EF384043 EF384169

95 100

0

0

100 100 100 100

81

MN233

75 100 100

MN238

99 100

96 EF383258 EF383417 EF383577 EF383743 EF383898 EF384028 EF384155

91 EF383251 EF383410 EF383570 EF383736 EF383892 EF384021 EF384148

99 EF383254 EF383413 EF383573 EF383739 EF383895 EF384024 EF384151

98 100 100 100 100 100 EF383289 EF383447 EF383608 EF383774 EF383928 EF384058 EF384185

0

71 100

97 100

100 100 100 100 100 100 100 100

100 100

100 100

NT- Peru

89

100 100 100 100 100 100 100 100

100 100 100 100

100

NT- Mexico

89

92 100

100 100 100 100 100 100 100 100

MN049

NT- Bolivia

86

35

98 100 100 100 100 100 100 100 EF383295 EF383453 EF383614 EF383780 EF383934 EF384064 EF384191

86 100 100

MN115

NT- Costa Rica

NT- Peru

96

98 100

95

88 100 100 100 100 100

87

MN158

AT- South Africa MN190

AT- Zimbabwe

AT- Namibia

AT- Namibia

IM- Borneo

AA- captive bred

AT- Zimbabwe

AT- Ghana

AT- Ghana

AT- captive bred

AT- South Africa MN184

AT- Ghana

AT- Ghana

IM- India

AT- captive bred

AT- Namibia

MN200

100

95 EF383205 EF383365 EF383525 EF383688 EF383848 EF383975 EF384104

97 EF383204 EF383364 EF383524 EF383687 EF383847 EF383974 EF384103

100 100

81 100 100 100

88 100 100 100

MN034

97

99

MN067

AT- Namibia

IM- India

99

99

100 100 100 100 100 100 100 100 100 100

97

MN202

IM- India

58

95

91 NA
95

100

IM- India

IM- India
87

0

96 100

100

87 100 100

95 100 100 100

89 EF383216 EF383376 EF383536 EF383699 EF383859 EF383986 EF384115

MN088

85 100

0

MN087

100 100

0 100 100 100

96 100 100 100 100

90

100 100 100 100 100 100 100 100 100 100

72

MN198

87

95

100

0

0

MN108

57

92 100 100

100 100 100 100 100 100 100

MN319

96 100 100

100 100

MN095

AT- South Africa MN305

IM- Borneo

IM- India

IM- Malaysia

IM- Borneo

IM- Borneo
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Oligonicinae

Oligonicinae

Oligonicinae

Pseudomiopteriginae
Pseudomiopterigini
Pseudomiopteryx guyanensis

Thespinae

Thespinae

Thespinae

Thespinae

Thespinae

Thespinae

Toxoderinae

Toxoderinae

Toxoderinae

Gyninae

Blattellinae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Thespidae

Toxoderidae

Toxoderidae

Toxoderidae

Blaberidae

Blattellidae

Thrinaconyx kirschianus

Thrinaconyx fumosa

Cryptocercus kyebangensis
Cryptocercus russie
Cryptocercus scioto
Supella longipalpa
Hodotermes mossambicus
Cryptotermes brevis
Kalotermes flavicollis
Mastotermes darwiniensis
Coptotermes lacteus
Reticulitermes santonensis
Macrotermes subhyalinus

Termitinae

Polyphagidae

Polyphagidae

Pseudophyllodromidae

Macrotermitinae

Polyphagidae

Hodotermitidae

Kalotermitidae

Kalotermitidae

Mastotermitidae

Rhinotermitidae

Rhinotermitidae

Termitidae

Termitidae

Termes hispaniolae

Blatta orientalis

Blattella germanica

Gyna capucina

Toxoderopsis taurus

Stenotoxodera porioni

Blattidae

Termes

Toxoderopsini

Toxoderini

NT- Brazil

NT- Bolivia

NT- Peru

NT- Bolivia

IM- India

NT- Peru

NT- Costa Rica

NT- Peru

NT- Panama

NT- Panama

NT- Peru

IM- India

IM- Borneo

IM- India

Pseudothespis meghalayensis IM- India

Musoniella sp.

Musoniella sp.

Macromusonia conspersa

Eumusonia livida

Parathespis humbertiana

Aethalochroaini Aethalochroa sp.

Thespini

Thespini

Thespini

Thespini

Thespini

Parathespini

Pogonogasterini Carrikerella ceratophora

Oligonicini

Oligonicini

Thrinaconyx fumosa

Thesprotiella sp.

Thespidae

Oligonicini

Oligonicinae

Thespidae

Oligonicini

Oligonicinae

Thespidae

100 100
100
100 100
100 100
100 100
100 100
100
100 100 100 100

MN148
MN114
MN263
MN123
MN126
MN122
MN137
MN206

96

98

92

93

98

76 100

95

74

0

0

0 100

0 100

0 100

99 100

87

93

92

0

0

0

0

0

0

0

0

0

0

0

0

0

0

92

57

0

0

49

71

0

0

0

0

80 100

0

49

0

49 100

71

0 100
0

0

0

71 100

79

0 100

0

0

0 100

99 100 100

0

99 100

0

99 100

97 100

99 100

48 100 100

0

0

0

85 100 100 100 100

68 100 100 100

96

0

0

71 100

43 100 100 100

0 100 100 100 100 100

100 100

IS095
IS191

100 100

0 100 100

99

81 100 100 100

82

IS027

IS054

74 100

95 100 100

0 100 100 100 100

0 100 100

BL138
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Abstract. The purpose of this application, under Articles 29 and 55.3.1 of the Code, is to
remove homonymy between the beetle family-group name PHOTININI (type genus Photinus
Laporte, 1833) and the mantis family-group name PHOTININAE Giglio-Tos, 1919 (type
genus Photina Burmeister, 1838). It is proposed that the stem of Photina Burmeister, 1838
be changed from PHOTIN- to PHOTINA- so that the tribe name will be emended to
PHOTINAINI

Giglio-Tos, 1919 and the subfamily name to PHOTINAINAE Giglio-Tos, 1919.

Keywords. Nomenclature; taxonomy; Insecta; Coleoptera; LAMPYRIDAE; Mantodea;
PHOTININI; PHOTINAINI; PHOTININAE; PHOTINAINAE;

Photinus; Photina; fireflies; lighting

bugs; praying mantises.
___________________________________________________________________
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1. The family-group name PHOTINI (Coleoptera) was first used by LeConte (1881,
p. 30) based on the LAMPYRIDAE genus Photinus Laporte, 1833 (p. 140). PHOTINI is,
however, an improperly formed family-group name. Olivier (1907, p. 27) later emended
PHOTINI

to the proper form PHOTININI LeConte (Coleoptera, LAMPYRIDAE). Originally,

Olivier (1907) retained the name PHOTININI as a subfamily name before he corrected his
use of the family-group name in 1910 (p. 21) by erecting PHOTININAE as a subfamily and
PHOTININI

as a tribe. Green (1948, p. 67) later sunk PHOTININAE under LAMPYRINAE

preserving the group as the currently recognized tribe PHOTININI.
2. Giglio-Tos (1919, p. 66) erected the subfamily name PHOTININAE (Mantodea)
based on the genus Photina Burmeister, 1838 (p. 531). Originally described as a subgenus
of Mantis Linnaeus, 1758 (p. 425), Photina was elevated to genus rank by Stål (1877, p.
63). Giglio-Tos (1919, p. 67) also proposed the subgroup PHOTINAE along with
COPTOPTERIGES, ORTHODERELLAE

and IRIDES to be included within PHOTININAE. Though a

subsequent classification by Beier (1968, p. 11) changed the generic composition of these
four groups, PHOTINAE and COPTOPTERIGES remained subgroups of PHOTININAE and are
now recognized as tribes following Ehrmann (2002, p. 378), who emended them to
PHOTININI

Giglio-Tos, 1919 and COPTOPTERYGINI Giglio-Tos, 1919.

3. Therefore, PHOTININI LeConte, 1881 is a senior homonym of PHOTININAE
Giglio-Tos, 1919. Both names are in current use (Archangelsky and Branham, 2001;
Ehrmann, 2002; Kazantsev, 2006; Lloyd, 2002; Otte and Spearman, 2005; Svenson and
Whiting, 2004; Terra, 1995).
4. The name PHOTININI LeConte, 1881 (name of a tribe of LAMPYRIDAE) has
priority and it is suggested that the name PHOTININAE Giglio-Tos, 1919 (name of a
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subfamily of MANTIDAE) be altered to remove homonymy. It is proposed that the stem of
Photina Burmeister, 1838 be changed from PHOTIN- to PHOTINA-, thereby making the tribe
name PHOTINAINI and the subfamily name PHOTINAINAE.
5. The International Commission on Zoological Nomenclature is accordingly
asked:
(1) to use its plenary power to rule that for the purposes of Article 29 of the Code
the stem of the generic name Photina Burmeister, 1838 is PHOTINA-;
(2) to place on the Official List of Family-group Names in Zoology the following
names:
(a) PHOTININI LeConte, 1881 (type genus Photinus Laporte, 1833)
(Coleoptera);
(b) PHOTINAINAE Giglio-Tos, 1919 (type genus Photina Burmeister, 1838)
(spelling emended by the ruling in (1) above) (Mantodea);
(3) to place on the Official Index of Rejected and Invalid Family-Group Names
in Zoology the name PHOTININAE Giglio-Tos, 1919 (junior homonym of
PHOTININI

LeConte, 1881 (spelling emended to PHOTINAINAE by the ruling in

(1) above) (Mantodea).
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Summary.- The oriental genus Ceratomantis Wood-Mason, 1876, is revised with a new
synonymy and two new species.
Résumé.- Le genre oriental Ceratomantis Wood-Mason, 1876, est révisé avec une nouvelle
synonymie et deux nouvelles espèces.
Key words.- Dictyoptera, Mantodea, Hymenopodidae, Oxypilinae, Ceratomantis, Oriental
Region.
_______________
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James WOOD-MASON created the genus Ceratomantis and the species C. saussurii
after a female specimen collected from Pegu (now in Myanmar) by Mr. Kurtz (1876a : 175 ;
1876b : 507). With only a brief description, he mentioned that the species is seemingly allied
with Hestias (now Hestiasula) and Oxypilus bicingulata (now Pachymantis bicingulata), a
position that he confirmed three years later (1879 : 259), while specifying for Oxypilus
“…this genus should be transferred from the Mantidae to the Harpagidae”.
WOOD-MASON (1891: 52-56 & pl. II figs 3, 3a, 3b, 3c) later re-described the genus
and species with an abundance of morphological details and illustrations for the examined
specimens: the original adult female from Pegu (S. Kurz) preserved in spirits, and “…two
nymphal females and one nymphal male, dry, from Woomdwin 20-30 miles south of Mitha
in the valley of the Tenasserim River, Tavoy, on the Siam boundary”. Therefore, these
additional three specimens, collected and presented by W. Doherty, were also from present
day Myanmar, but further to the south. Unfortunately, he did not mention the museum or
collection where these four specimens were retained (EHRMANN, 2002: 94 put ZSIC, what
will be to verify). Only the main measurements of the adult female (the Pegu specimen) were
completed as follows: a total body length of 23 mm instead of 22 mm as reported in the
preliminary papers, a length of pronotum of 4 mm, and a length of tegmina of 12.6 mm).
Further, the inner side of the left anterior leg of the adult female was illustrated along with
the dorsal and lateral aspects of the juvenile specimen’s head and prothorax. An illustration
of the frontal aspect of the juvenile specimen’s head was also presented, but the expected
illustration of the left forewing and hindwing named as “Pl. III, Fig.2” was unfortunately
never published.
Ermanno GIGLIO-TOS (1927: 283) provided, in French, a new diagnosis of
Ceratomantis and descriptions of both sexes of C. saussurii with “Siam, Borneo” as their
distribution. Since Borneo was never recorded as a distribution for C. saussurii and males
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were not yet known for the species, it is presumed that at least one male from Borneo
preserved in an uncited institution was used for this description. However, this institution
was not in Torino where Giglio-Tos lived, as PASSERIN d’ENTRÈVES (1981) did not mention
any Ceratomantis specimens in the collections.
ZHANG Guozhong (1986: 235-236) described the new species Ceratomantis
yunnanensis from a single male obtained in Yingjiang County, Yunnan Province, China,
collected himself. Zhang compared his male specimen with the morphology of the male C.
saussurii described by Giglio-Tos in 1927 and concluded his male was indeed different,
deserving description as a new species. Though, we have now determined that Giglio-Tos
was originally incorrect in identifying the specimen from Borneo as a male example of
saussurii. In fact, this male from Borneo is now considered a new species following our
investigations of additional museum specimens and three recently collected males from
Sarawak. However, Zhang’s morphological description and figures demonstrate differences
with the males of saussurii we have seen from Thailand and West Malaysia, thus
yunnanensis may be a distinct species.
YANG Jikun (1997: 227) described Ceratomantis zhouyaoi from two males collected
from Hekou in the Yunnan Province, China. Included with the description were figures of the
head, pronotum and left anterior leg. He found that this new species was very similar to
yunnanensis, but differing in coloration of the costal area of the tegmina and the outer surface
of the forefemora. In fact, this species appears to be closely allied with C. saussurii following
the original description made by Giglio-Tos. It is now evident from the color figures
published by YANG & ZHANG (1999: 31) that zhouyaoi’s differences in coloration with
yunnanensis are the same as between yunnanensis and saussurii, which supports a synonomy
between zhouyaoi and saussurii.
In addition, the genus Ceratomantis contains another new species, known by a single
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male from India, which is described in the present paper. Therefore, presented in this paper is
the synonymy of zhouyaoi with saussurii and the description of two new species from
Borneo and India.

Ceratomantis Wood-Mason, 1876
Ceratomantis Wood-Mason, 1876a: 175; 1876b: 507; WOOD-MASON, 1879: 259; 1880: 162;
WESTWOOD, 1889: 22; WOOD-MASON, 1891: 52; BRUNNER DE WATTENWYL, 1893: 71;
KIRBY, 1904: 287. GIGLIO-TOS,1919: 63; 1927:283; BEIER, 1934: 30; 1964: 939; 1968: 6;
ZHANG, 1986: 235; YANG, 1997: 227; YANG & ZHANG, 1991: 31; EHRMANN, 2002: 94;
OTTE & SPEARMAN, 2005: 100.
Type species: Ceratomantis saussurii Wood-Mason, 1876, by monotypy.
Small mantids with body lengths from 16 to 25 mm, ochre and dark brown mottling
for colouration, and the wings in males extend beyond terminus of abdomen while the wings
in females reach just to the tip of the abdomen.
Head with vertex prolonged into a tall, forwardly inclined, bifid horn, which is
bicarinate in front and bidentate on each side. Eyes rounded with a large super-ocular
regularly conical tubercle; ocelli large in males, reduced in females, with the posterior two
each having a small conical spine located above. The frontal sclerite is transversely
pentagonal and strongly roof-shaped as in the clypeus. Antennae of males moniliform and
filiform in females.
Pronotum short with prozone and metazone of almost equal length, each bearing a
pair of large dorsally projecting conical spines. Lateral edges of pronotum acutely crenate.
Forecoxae with a basal spine projecting forward; fore-femora with the dorsal edge somewhat
foliaceous and the claw groove located near the base, with 4 discoidal, 4 external and
typically 10 internal spines; fore-tibiae with 9-11 external and 7-9 internal spines; first joint
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of tarsi a little longer than the remaining segments together.
Meso and metathoracic legs with rather elongate coxae, femora with a small basal
posterior lobule; tibiae with the basal region wider than the distal section; first joint of tarsi
about equal to the remaining segments together. Forewings with narrow costal-field, opaque
ochre, the discoidal-field mostly hyaline with ochre and dark brown patches; hind wings
hyaline with the costal-field opaque ochre.
Abdomen thin in males, but broad in females with triangular lateral lobes extending
from the tergites; supra-anal plate transverse; cerci relatively short, setose, ending with a
point. Male subgenital plate trapezoidal bearing long and thin styli. Ovipositor of females
prominent, extending beyond the terminus of the cerci.
Male genitalia: right epiphallus of classic shape; titillator short with rounded apex,
limited sclerotization; pseudophallus well expanded, with a different shape for each species;
hypophallus ovoid, with or without a pointed apical process.
We confirm the position of this genus among Oxypilinae, together with Oxypilus
Audinet-Serville, Junodia Schulthess-Rechberg, Pachymantis Saussure, and the enigmatic
genus Pseudoxypilus Giglio-Tos, only known by the colour figure in STOLL (1813). Based on
morphology, the nearest genus seems to be Junodia. However, molecular evidence firmly
places Ceratomantis as sister to the rest of Oxypilinae, with the inclusion of Hestiasula and
Ephestiasula within the clade (Svenson & Whiting, unpublished).
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Ceratomantis saussurii Wood-Mason, 1876
Ceratomantis saussurii Wood-Mason, 1876a: 175; 1876b: 507; WOOD-MASON, 1879: 259;
1880: 162: WESTWOOD, 1889:22; KIRBY, 2004: 287. Ceratomantis saussurii: WOODMASON, 1891:53-56, pl. II-III; GIGLIO-TOS, 1927: 283 (£ nec $); BEIER, 1934: 31
(partim); EHRMANN, 2002: 94 (partim); OTTE & SPEARMAN, 2005: 100 (partim).
= Ceratomantis zhouyaoi Yang, 1997: 227, Fig. 1; Yang & Zhang, 1991: 31. Fig. 2.
EXAMINED SPECIMENS: West Thailand, Kanchanaburi Distr., Sai Yok, 12 Dec. 1987,
M. G. Allen, 1 $ genitalia No. 3915 RR and 1 £ (NHML); West Malaysia, Cameron
Highlands, XII.2000, 2 $ genitalia No. 3914 and 3938 RR (MNHN); idem, V.2001, 1 $
genitalia No. 3917 RR and 1 £ (MNHN).

The two examined females conform to the description of Wood-Mason (1876), and
the four examined males, surely conspecific with the females, conform to the description of
Yang (1997). All recorded specimens share the same biogeographical distribution. Therefore,
we consider that this species of Ceratomantis in Myanmar, Thailand, South China and West
Malaysia, is C. saussurii.
Male. Length of body 19-19.5 mm, of pronotum 3.5-4 mm, of fore wings 18-21 mm,
of hind wings 16-18 mm, of process of vertex 2.0-2.7 mm; width of head 3.1-3,3 mm, of
pronotum 2.9-3.2 mm.
Frontal sclerite, clypeus and labrum pale with very small dark spots; process of vertex
widely black above median portion; antennae with base pale, but darkening towards distally
on flagellum; palpi pale. Pronotum pale with small dark spots scattered in the median line
and laterally; prosternum pale. Forecoxae about 5 mm long, pale above with brownish
patches, medially with the base pale and with a large black band extending to the middle of
trochanter. Fore femora about 5.5 mm long, pale with darkened patches, usually 10 internal
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spines, seldom 9. Fore tibiae about 4 mm long, darkened medially, usually with 10 external
spines, seldom 9 or 11, and 7 internal, seldom 8. First segment of tarsi about 2 mm long, pale
with black tip and longer than the remaining segments together. Meso and metathoracic legs
pale with 3 brown rings on the femora and measuring about 4.5 mm in length. Tibiae with
two indistinct rings and measuring about 3.5 mm for the mesotibia and about 4 mm for the
metatibia. Forewings with ochre opaque costal-field, but blackened at the tip; discoidal-field
hyaline with dark brown spots with the second branch of the median entirely dark; anal-field
hyaline. Hindwings with pale ochre costal-field and light buff translucent discoidal and analfields, the apexes of veins dark in the discoidal-field, the largest being the first.
Abdomen pale ochre with lateral lobes darkened. Supra-anal plate darkened slightly at
tip; cerci with the joints pale, the three preceding the two last segment darkened, especially
the antepenultimate. Subgenital plate pale with the posterior edge strait between the styli.
Genitalia with hypophallus ending in a strong hook turned right; pseudophallus
elongated with granulous apex, somewhat flattened.
Female. Length of body 24-24.5 mm, of pronotum 4.5-5 mm, of forewings 13.5-15
mm, of hind wings 12-13 mm, of process of vertex 3.6-3.8 mm; width of head 4.1-4.3 mm, of
pronotum 3.9-4.1 mm.
Frontal sclerite, clypeus and labrum hell. The process of vertex only darkened in the
medial region; antennae thinner and shorter than male, but similar in colour; palpi as in male.
The medial region of the pronotum darkened more widely than in the male; prosternum hell
as in males. Forecoxae measure 6.1-6.4 mm in length, coloured as in males; forefemora
measure 6.5-6.9 mm in length, with same features found in males; foretibiae measure 5.3-5.5
mm in length, with 10-11 external and 7-9 internal spines.
Meso and metathoracic legs coloured as in males. Forewings with the same pattern as
found in males, but with more extensive dark patches; hindwings with ochre costal-field as in
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males but much darker, discoidal and anal-fields darker than found in males, but always
remain translucent.
Abdomen much wider than in males, with larger lateral lobes emanating from the
tergites; cerci very thin, with the joints preceding the penultimate very dark.

Ceratomantis yunnanensis Zhang, 1986
Ceratomantis yunnanensis: ZHANG, 1986: 235-236, Fig. 1; YANG, 1997: 228; EHRMANN,
2002: 94; OTTE & SPEARMAN, 2005: 100.

C. yunnanensis is only known from the male holotype collected in the Yunnan
Province, China. We did not observe this specimen and its genitalia are not yet depicted,
which is necessary for a proper characterization of the species.
Following the original description of the species, it is about the same size as saussurii,
but differs in coloration. The basal half of the fore- and hindwings are tinged with a reddish
coloration and the base of the forewings is without black macula. In addition, the outer face
of the forefemora lacks the cross-band present in saussurii. These same differences are also
cited by Yang in his description of C. zhouyaoi and are probably significant, but further
specimens should be examined to determine their value. Therefore, we may consider the
possibility that yunnanensis could just be an aberrant morph of saussurii.
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Ceratomantis borneensis n. sp.
Ceratomantis saussurii: GIGLIO-TOS, 1927: 283 ($ nec £); BEIER, 1934: 31 (partim); ZHANG,
1986: 236; EHRMANN, 2002: 94 (partim); OTTE & SPEARMAN, 2005 (partim).

Holotype: $, East Malaysia, Sabah, Tawau, May 1996, genitalia RR 3921 (MNHN).
Allotype £ : Sabah, Tawau district, Quoin Hill, 700 ft., 15-16.X.1973, C.J.M. Pruett
(NHML). Paratypes: 3 $, Malaysia, Sarawak, Lambir Hills Nat. Park 4°11.9’ N 114° 2.523’
E, 12-14 Oct. 2006, G.J. Svenson, genitalia RR 4066 (MNHN), taxon voucher code MN326
(BYU-IGC).

Etymology. Named to reflect the region of recorded distribution for the species.
Male. Length of body 16.5-18 mm, of pronotum 2.9-3.1 mm, of fore wings 15-16
mm, of hind wings 14-14.5 mm, of process of vertex 1.9-2.1 mm; width of head 3.1-3.2 mm,
of pronotum 2.6-2.7 mm.
The colouration of the frontal sclerite, clypeus and labrum are all dark brown, as is
the space between the ocelli and the proximal edge of the process of the vertex. The process
of the vertex itself becomes almost black moving distally past its median. The process of the
vertex is weekly bifid at terminus with two moderately defined carinae diverging as they
approach the base of the process. Midline and basal lateral dentiform projections are weekly
pronounced and only form small denticular projections. The antennae with the first three
antennomeres pale in colouration, while the following segments are dark brown with pale
colouration at their bases, with more distal segments becoming entirely brown to black; palpi
are pale brown.
The two pairs of dorsally projecting spines of the pronotum are relatively thin and
somewhat flattened. Pronotum with darkened colouration on each side of the medial line
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running along the lateral edges. Numerous spines occur across the pronotum with a
considerably crenate edge; prosternum hell. Forecoxae measure 4.5 mm in length, with the
outside colouration a pale tan with three darkened patches. The inner-side of the forecoxae
exhibiting a large black band that extends from the base to the distal terminus, while
continuing across most of the trochanter. Forefemora measure 4.5 mm in length, with the
outside colouration a pale tan with some dark spotting, but most visible is a large transverse
dark brown band. The inner side of the forefemora with small dark brown spots at the base
and along the dorsal edge, whereas the middle is only a little darker than the pale base
colouration; 10 internal spines. Foretibiae measure 3.5 mm in length with dark brown
colouration in the middle, with 10 or 11 external spines and 7 or 8 internal spines. The first
segment of foretarsi is pale in colouration, measuring 1.8 mm in length and longer than the
remaining segments together.
Meso and metathoracic legs pale in colouration with three irregular brown rings on
each femur and tibia; the metafemora with a well-developed basal lobe. The mesofemora
measure 3.6-3.7 mm in length, the mesotibiae measure 2.9-3.0 mm, the metafemora measure
3.9-4.0 mm, and the metatibiae measure 3.8-3.9 mm. The first segment of tarsi is elongate,
measuring 2.2 mm for the mid legs and 2.6-2.8 for the hind legs, and longer than the
remaining segments together.
Forewings with ochre opaque costal-field, black only at the tip; the discoidal-field
hyaline with scattered dark spots, the largest located at the base and at the tip; anal-field
hyaline. Hindwings almost entirely hyaline with the apical half of costal-field ochre, the tip
dark brown with the apexes of veins darkened in the discoidal-field.
Abdomen pale in colouration with only the first two lateral lobes darkened. Supraanal plate is very pale in colouration; cerci pale with the two segments preceding the
penultimate darkened. Subgenital plate as in saussurii, with the styli relatively long.
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Genitalia with hypophallus ending in a triangular process; pseudophallus acute with long
hairs.
Female. Length of body 17.5 mm, of pronotum 3.6 mm, of fore wings 10 mm, of
hind wings 8.5 mm, of process of vertex 3.3 mm; width of head 3.6 mm, of pronotum 3.2
mm.
The head mostly dark brown; the process of vertex much larger than in males and
with its apex more deeply bifid and its lateral denticulations more prominent; antennae
broken, only first two segments are light brown in colouration; palpi as in males.
The pronotum is almost uniformly light brown in colouration with stronger, more
pronounced dorsally projecting spines than those observed in the male. Forelegs with the
same colour patterns found in males; forecoxae measure 5.0 mm in length, forefemora
measure 5.3 mm with 10 internal spines, and the foretibiae measure 3.7 mm with 10-11
external and 8-9 internal spines; tarsi as in males.
Meso and metathoracic legs as in males, but with smaller femoral basal lobes; the
mesofemora measure 3.8 mm in length, the mesotibiae measure 3.2 mm, the metafemora
measure 4.3 mm, and the metatibiae measure 4.0 mm; tarsi less elongate than in males.
Forewings with a more contrasted colour pattern than found in males; costal-field
dark brown at its base, then ochre, then dark brown again, progressively lighter, but apex
very dark; discoidal-field with similar colourations in the anterior basal region, elsewhere is
hyaline with more extensive dark spotting than in males. Hindwings with basal half of the
costal-field ochre in colouration, then becoming brown moving distally; discoidal and analfields are a very pale translucent ochre, with just one small black spot located at the apex and
contiguous to the costal-field.
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Abdomen is much wider than in males, with much larger lateral lobes, light brown
colouration with the first two lateral lobes darkened. Supra-anal plate as in males; cerci short
and very thin, with the darkened segments more pale than those in males.

Ceratomantis ghatei n. sp.
Holotype: 1 $, India, Karnataka, Agumbe Ghat, 13°29.93’ N 75° 4.886’ E, October
11, 2004, G.J. Svenson, genitalia RR 3918 (MNHN), taxon voucher code MN204 (BYUIGC).

Etymology. Named for Prof. Hemant V. Ghate, Department of Zoology, Modern
College, Pune, India, in recognition of his valued work on Indian Mantodea and his
contribution to the discovery of this species.
Male. Length of body 21 mm, of pronotum 4.5 mm, of fore wings 19.5 mm, of hind
wings 17.1 mm, of process of vertex 2.0 mm; width of head 4.0 mm, of pronotum 3.2 mm.
Colour information was gathered from a specimen collected using a canopy trap,
which preserves into high-grade ethanol. Therefore, colours may have faded but remain
consistent relative to each other. We observed green coloration on the freshly preserved
specimen and assume that living specimens are likely to have green colouration on various
parts of the cuticle.
The colouration of the labrum and frontal sclerite brown while clypeus is pale tan.
Pale tan and brown banding present on compound eyes running anterior to posterior. The
antennae with the first segment mostly pale in colouration with brown spotting covering the
surface. The second segment is solid brown with the following three segments pale tan.
Overall, the antennae appear with broad banding resulting from alternating sections of
antennal segments being dark brown and pale tan. Segments past the midpoint of antennae all
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become dark brown and eventually black moving distally. The process of the vertex is deeply
bifid at terminus with two strikingly pronounced carinae diverging as they approach the base
of the process. Midline and basal lateral dentiform projections are pronounced and diverging
strongly from the centreline of the process. Base of the process of vertex pale in coloration
and it becomes browner to black moving distally. Palpi are alternately banded pale tan and
dark brown.
The two pairs of dorsally projecting spines of the pronotum are strongly pronounced
and robust with mostly black colouration. Midline of pronotum is very dark brown while pale
tan or light brown laterally. A few tubercles occur across the pronotum with a considerably
crenate edge; prosternum pale tan. Forecoxae measure 5.8 mm in length, with the outside
colouration alternating brown and pale tan. The inner-side of the forecoxae is mostly a pale
tan coloration while only the distal quarter becoming black and continuing across most of the
trochanter. Anterior marginal of forecoxa strongly armed with denticles while posterior
portion with many tubercles that create a lumpy surface texture. Forefemora measure 6.9 mm
in length, with the outside colouration exhibiting pale tan and brown banding running from
the top margin to the lower margin. The inner side of the forefemora is mostly brown in
colouration with four strongly defined pale blotches along the upper margin while mid
sections appear to have two regions that are paler tan; . are present along upper margin; 10
internal spines. Foretibiae measure 4.1 mm in length with the same pale tan and brown
colour banding as the external surface of forefemora, with 10 external spines and 8 internal
spines. The first segment of foretarsi is mostly brown with a pale band in the distal half,
measuring 2.8 mm in length and longer than the remaining segments together.
Meso and metathoracic legs with pale tan and brown banding on the femur, tibia and
portions of the tarsi; the mesofemora and metafemorea with a well-developed basal lobe. The
mesofemora measure 5.7 mm in length, the mesotibiae measure 5.3 mm, the metafemora

235

measure 7.0 mm, and the metatibiae measure 6.4 mm. The first segment of tarsi is elongate,
measuring 2.5 mm for the mid legs and 3.0 mm for the hind legs, and longer than the
remaining segments together.
Forewings with yellowish (formerly green) costal-field; the discoidal-field mostly
brown with scattered hyaline spots; located in the discoidal-field along the boundary with the
costal-field in the proximal half of the forewing lies a large yellowish (formerly green) spot
covering eight cells; anal-field brown. Hindwings almost entirely a transparent brown colour
with the costal-field more yellow; apexes of veins darkened in the discoidal-field.
Abdomen is dark brown in colouration with all of the lateral lobes pale tan except on
segment three. Cerci pale with the one segments preceding the penultimate a little darkened.
Styli are considerably darker than those of preceding species. Genitalia with
hypophallus widely rounded at terminus, without a process; pseudophallus terminating with a
granulous swelling.
Female. Unknown.

Conclusion
The Oriental genus Ceratomantis Wood-Mason, 1876, considered as monospecific
until 1986, actually includes at least three well characterized species using male genitalia.
This extends the range of the genus from Southeast Asia into India and resolves the
confusion that has existed among the described specimens from Borneo and the rest of
Southeast Asia. The collection and examination of just a few additional specimens from
Borneo and other Asian countries alleviated much of the uncertainty that existed within the
genus and indicates that further fieldwork may reveal the existence of more species. It is
doubtful that only a single species is present in either Borneo or India since both are only
known from a single or just a few specimens. We have not sampled these regions enough to
236

determine the variation within the described species let alone to determine if similar, but
difference species exist. Therefore, there is great potential for discovering new species in
relatively unexplored regions and it is likely that Ceratomantis contains more diversity than
is indicated within this study. Much more remains to be discovered about the variability and
biology of the four species discussed herein and we hope that this study serves as a starting
point for further investigation.
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Fig.1 Male Ceratomantis borneensis.

Fig.2 Anterior aspect of Ceratomantis ghatei head.

Fig.3 Dorsal aspect of Ceratomantis ghatei prothorax.

Fig.4 Lateral aspect of Ceratomantis ghatei prothorax.

Fig.5 Dorsal aspect of Ceratomantis ghatei.

Fig. 6 – 8.- Supra-anal plate (a), subgenital plate (b) and ventral view of male genitalia (c) of
Ceratomantis. -6, C. saussurii; 7, C. borneensis; 8, C. ghatei. Variability of the processes of
the hypophallus and pseudophallus is given when possible.
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Abstract
The development and theory of correlation methods of discrete characters is
presented and discussed with specific interest in the theoretical basis for the three most
widely used correlation methods. Problems associated with statistical correlation of
phylogenetically linked data points are discussed with recommendations regarding
possible solutions. The three methods available in software packages for implementation
are discussed in detail and tested for consistency and conclusive power. A clade of
Mantodea was analyzed under multiple phylogenetic reconstruction methods to provide
differing input data for correlation methods. Morphology was coded from the taxon
sampling selected in the analyzed clade and provided suitable signal for the investigation
of character correlation. It is indicated that the likelihood based framework of detecting
correlation between characters is the most consistent and conclusive. Parsimony based
methods highly depend on upstream estimates which can influence the conclusive power
of results. It is concluded that a correlation method needs to be robust to upstream
changes in estimates (phylogeny, ancestral states, etc…) and consistent results will be
more trustable. Character evolution in Mantodea is discussed, but limited conclusions are
provided.
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Introduction
The reconstruction of evolutionary history for any group of organisms depends on
the ‘phylogenetic correlation’ of data (Martins 1996b). Specifically, all phenotypic data is
related by heritability, making it possible to study the evolution of species and characters
by estimating relationships based on non-independent data. Unfortunately, this basic
characteristic of comparative phenotypic data is the confounding factor for further
statistical investigation of character relationships. It is often useful to investigate specific
relationships between characters to understand certain aspects of phenotypic evolution,
adaptation, cause-and-affect circumstances, and character change limitations. Therefore,
numerous methods have been developed to investigate character relationships that
conform comparative data to statically testable hypotheses. These methods accomplish
this by accounting for phylogeny, making various assumptions about character
independence, and devising tests to establish significance regarding specific conditions. It
could be argued that the main reason for investigating organismal phylogeny is to
understand evolutionary progression in traits of interest. Therefore, development and
understanding of methods designed to investigate character correlation are paramount to
deciphering the evolutionary events in any group of organisms.
I present the theory behind many of the methods and techniques employed for
investigating the relationships of characters. However, I place particular emphasis on
methods with software packages that allow their implementation. Because many methods
techniques are designed to be applicable to certain datasets for answering specific
questions about the biology of a taxon, I do not discuss the detailed theory behind them,
but merely mention their existence and similarity to related methods. I focus on the most
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widely used methods to understand how they treat the data, what advantages and
disadvantages each exhibit and what their functionality is in normal implementation.
Some of the major concerns surrounding character correlation are discussed with
recognition of differing solutions and the newer methods that address these concerns. It is
not the goal of this paper to present a new solution of the inherent problems of character
correlation study, but present the issues and methods and investigate the functionality of
the current systems.
Many of the concepts of character correlation introduced are applicable to both
discrete and continuous character systems. However, the focus of this paper is on discrete
character systems and their treatment in methods of character covariation. There is an
immense body of literature focused on continuous character systems ancestral state
reconstruction, covariation, and methods criteria (Baum and Donoghue 2001; Chevrud et
al. 1985; Diaz-Uriarte and Garland 1996; Diniz-Filho et al. 1998; Felsenstein 1985a;
Gittleman and Kot 1990; Grafen 1989; Hansen 1997; Hansen and Martins 1996; Harvey
and Pagel 1991; Housworth et al. 2004; Huey and Bennett 1986; Lynch 1990, 1991;
Maddison 1991; Martins 1996a, 2000; Martins and Hansen 1997; Martins and Garland
1991; Martins et al. 2002; Orzack and Sober 2001; Pagel 1997, 1999a; Pagel and Lutzoni
2002; Price 1997; Press et al. 1988; Rogers 1984). These character systems do not apply
to our focus, thus advancement and development in the field will not be covered any
further. However, we recommend some resources that are advantageous in understanding
this valuable area of continued research (see Harvey and Pagel 1991; Martins 1996b;
Martins et al. 2002).
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Character CorrelationHarvey and Pagel (1991) state ‘Comparative studies identify evolutionary trends
by comparing the values of some variable or variables across a range of taxa. The
variables may include descriptions of the environments inhabited by the organisms as
well as phenotypic characters’. We use correlated character information to pose questions
about the evolution of the organisms and the characters in question, but how do we make
the leap from correlated characters to interpreting adaptation or evolutionary patterns?
Understanding that correlated character states can result from ‘phylogenetic inertia’ or
adaptation, deciphering between the two becomes the challenge of any correlation study.
Adaptation is present only if a derived character evolved in response to a selective event
(Harvey and Pagel 1991). Phylogenetic inertia is capable of creating correlated state
presence from heritability and character conservation among lineages of organisms. The
repeated state change (0 → 1) of a particular character (morphological, behavioral,
physiological, ect…) in organismal lineages followed by the repeated state change (1 →
0) of another character (morphological, behavioral, physiological, ect …) in those same
lineages is good evidence for adaptation exhibited by the changes in the second character.
On the other hand, organismal lineages with multiple characters progressing through each
branch as unchanged states exhibit phylogenetic inertia and any correlation would be due
to niche conservatism instead of adaptive responses. Therefore, basic character
correlation tests that do not account for phylogeny may make statements of significant
relatedness between character states, but fail to point to the directionality of the witnessed
changes. Sillén-Tullberg (1988) and Maddison (2000) points out that testing for not only
correlation but adaptive evolutionary change requires an ‘independent’ and ‘dependent’
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character to establish if one character (dependent) is expressing significant correlated
changes in context to another character (independent). However, it has been pointed out
that alternate forces (e.g., a third character) may be at work, which may influence the
changes in the dependent character thus confounding any conclusions about adaptation
(Harvey and Pagel 1991). It may also be necessary to establish the functionality and
polarity of the character to determine if it is truly adaptive.
Character polarity becomes paramount to interpreting the evolutionary function of
correlated character evolution (Harvey and Pagel 1991). Which brings us to making a
distinction between correlation methods that account for directionality and those that do
not. Harvey and Pagel (1991) stated that directional studies ‘infer the direction and rates
of evolutionary change between ancestors and descendants’. They defined “nondirectional” studies as ‘…evolutionary trends across either contemporary species, or
across higher nodes which are usually at a similar taxonomic or phylogenetic level’. We
propose a simpler non-directional definition as a comparison between two taxa without
reference to a third (root taxon). As stated above, directionality of character change can
be useful in final interpretation of correlated characters. Many authors recognize this (for
review of continuous methods see Martins et al. 2002; Carpenter 1989; Donoghue 1989;
Gittleman 1981; Huelsenbeck et al. 2003; Maddison 1990; Pagel 1994; Pagel and Harvey
1988; Eberhard-West 1978), but some do not account for direction (Felsenstein 1985a;
Maddison 2000; MØller and Birkhead 1992; Purvis and Bomham 1997; Read and Nee
1995; Ridley 1983).
The conclusions drawn from correlation studies are subject to the limitations of
the method employed, and testing therefore should be performed with in depth

252

knowledge of these limitations to avoid misinterpretation of results. For instance, by
testing with a non-directional method, one can only make conclusions about the
predictability of one character in reference to another. It is not possible to decipher
whether a character is adaptive or is responsive to another character’s change without
accounting for the hierarchy of relationships between data points. Understanding the
issues involved in correlating characters and a particular method’s theory is vital for
proper testing and subsequent conclusions. We present some of the most significant
issues to the field and discuss how different methods account for these factors.

Statistical Non-Independence of Discrete CharactersThe central purpose of correlating characters is to determine the extent of causal
interrelatedness of character systems (Emerson and Hastings 1998). This depends on the
statistical ‘independence’ of data points for characters that are likely to be related in some
way. Similarly but not in the same context as the independence demanded for correlation
tests, phylogenetic theory assumes that data points are ‘independent’ for tree
reconstruction, when in reality phylogenetic datasets are part of the heritable ancestry of
related organisms (see review, Emerson and Hastings 1998; Felsenstein 1981; Kluge
1989). This is ironic since we seek to establish dependence of characters with correlation
tests that assume data points are independent. Therefore, we must account in some way
for phylogeny and correct for the relatedness of data points to establish statistical
significance. Unfortunately, these corrections can be difficult and methods suffer great
limitations in conclusive power because they cannot account for all factors influencing
relationships between characters (Ridley and Grafen 1996).
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Harvey and Pagel (1991) discuss two main views of how non-independence can
arise. The first view is that species that have diverged more recently have had less time
for character change and are more similar than species more distantly related to them.
The second view is that of what they termed niche conservatism, which means that
similar species response similarly to similar forces. Two similar species from the same
genus will likely utilize similar environments because their shared ancestry has provided
them with inherited characters and inherited methods of utilizing the environment.
Therefore, among radiations of species, niche conservatism will produce lineages
disproportionately more similar to each other than to another distantly related species
based entirely on ancestry. Establishing significant correlations between characters within
a clade exhibiting niche conservatism can be misleading. These characters could be
correlated, yes, but the reasons differ from hypotheses inferring adaptation. Instead,
correlation is simply a function of character conservation (whether functional or nonfunctional), a far less interesting conclusion.
Emerson and Hastings (1998) state that methods of character covariation are
useful to investigate cause-and-effect relationships, but limitations are present in that
methods may not establish the underlying cause but establish only clues to further
develop tests. They go on to point out that correlated characters in a typical data set will
produce phylogenies with higher levels confidence (high consistency index) than
phylogenies reconstruction with entirely independent data (Farris 1969; Felsenstein
1985b). Therefore, correlated character systems are viewed with greater confidence even
though they violate assumptions of theoretical and empirical phylogenetics (stated
above). Branches containing greater numbers of synapomorphies are viewed as being
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well supported when on many of the branches “synapomorphies” are truly nonindependent with each other and comprise a single correlated character system. This does
not imply that all synapomorphies present on a particular branch are due to nonindependence of data points, but instead that certain groups of covarying synapomorphies
could represent a single character system. Clearly, testing character correlation has great
implications to subsequent examination and coding of character systems. We recognize
here the additional importance of testing putative correlated characters with independent
sources of data (e.g., DNA sequence data) to avoid confounding correlation results based
on phylogenies derived from non-independent single character systems.
We are left with the possibility of reconstructing phylogenies from groups of
covarying non-independent characters. Emerson and Hastings (1998) discuss a priori
character weighting to correct for the greater influence of correlated character systems.
These techniques have been used in the past for molecular data (Dixon and Hillis 1993;
Wheeler and Honeycutt 1988) but there neglected in morphological systems primarily
due to the complexity and inability to test all character covariations. Emerson and
Hastings (1998) propose possible methods to correct for this issue and produce a priori
weighting schemes from detailed analysis of phenotypes.
Non-independence of characters remains an important factor influencing all
phylogenetic theory, but it is not our only concern of data non-independence. Perhaps the
most important aspect of discrete character correlation is correcting for phylogenetic nonindependence of taxa. As already stated, standard statistical tests do not suffice in
correlating discrete characters because of the shared ancestry of data points. Since taxa
evolve with influence from genetics, developmental constraints, interactions with the
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environment, and associations with other characters, they are not independent. The
interrelatedness of the taxa ensures terminal character states have dependence on the
history of evolution of the taxa they represent. Further, terminal characters represent a
static view of states represented in the selected extant taxa. Since there are no historical
data points without inference of ancestral states, we are left with terminal taxa and
character states with unknown interaction and history. Felsenstein (1985a) stated:
“..species are part of a hierarchically structured phylogeny, and thus cannot be regarded
for statistical purposes as if drawn independently from the same distribution”.
Felsenstein (1985a) demonstrates with a series of figures the potential problems
underlying the analysis of phylogenetically associated characters. We will utilize this
example as an appropriate demonstration of the problems encompassing character nonindependence even though it has focus on continuous characters. He first presents a
simple scatter diagram of hypothetical data (Figure 1a). An obvious pattern in the
distribution is evident, which leads us to ask, what kind of evolutionary model results in
the distribution of Figure 1a? Felsenstein presents a simple model (Figure 1b) for which
there was a simultaneous radiation of species producing nine independent evolutionary
trajectories. Assuming that individual branches are independent of one another, as stated
by Ridley (1983), and changes in each lineage represent bivariate normal distributions,
Felsenstein states that the distributional assumptions would be justified. Therefore, each
species in Figure 1b are “independent samples from a single bivariate normal
distribution” (Felsenstein 1985a). Unfortunately, evolution is not as simple as the model
represented in Figure 1b. Consider the Figure 1c which Felsenstein used to demonstrate
the relationships of three taxon groups. Two characters in each branch exhibit some
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degree correlation and are regarded as being drawn from a bivariate normal distribution.
Felsenstein makes the assumption that the variance of the distribution of change acts in
proportion to branch length in time as “if the characters were undergoing bivariate, and
correlated, Brownian motion”(Felsenstein 1985a). Figure 1d would represent the
distribution of characters drawn from Figure 1c. We can see there are three groups of data
points that presumably reflect the three taxon groups in the phylogeny. Felsenstein points
out that we could be mislead in this test if we were to use the expected 6 (9-3) degrees of
freedom, which would show significance if the assumption of independence where tested.
Instead he demonstrates non-significance since we really only hold four independent
points and our degrees of freedom is only 2 (4-2). Felsenstein goes on to demonstrate an
extreme example of character distribution for a symmetrical phylogeny of two groups of
closely related species (Figure 1e). The character distribution would look like that of
Figure 1f which would imply a significant regression between the two characters when in
reality the distribution is made clearer in Figure 1g where one clade is marked with
darkened circles while the other is marked with white circles. We can see that a
regression in each of these groups would produce a non-significant result while the
assumption of species independence would mislead our tests and we would falsely
conclude significance.
Many methods attempt to correct for non-independence by assuming that each
branch in the phylogeny is independently evolving (Harvey and Pagel 1991; Maddison
1990; Pagel 1994; Ridley 1983). Grafen and Ridley (1997) state that this assumption is
not valid because the mere clustering of changes observed on a phylogeny suggests that
individual branches are not independent. They state that methods utilizing this
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assumption will determine significance between characters too often because the
clustering of changes will be present even in a randomized null hypothesis such as in
Maddison’s (1990) test (see below). Such clustering causes over counting and
representation of a particular character state in correlation tests. Therefore, character state
over representation will imply significance between characters for taxon that are actually
uniform for the state. Grafen and Ridley (1997) propose that correlation methods
prescribe to the ‘uniform taxon principle’ in which taxa uniform for a particular character
state are counted once in correlation tests. The principle assumes that character clustering
may indicate a taxon that is fixed for a state with extremely unlikely changes for change.
The uniform taxon principle attempts to discard information ‘contaminated’ by character
clustering (Grafen and Ridley 1997). The model proposed by Grafen and Ridley (1997)
converges on the same concerns outlined by previous authors (Harvey and Pagel 1991;
Maddison 1990) and has been given a different name (uniform taxon principle), but is
essentially the same as ‘niche conservatism’ and ‘phylogenetic inertia’. Most current
methods do not incorporate the model presented by Grafen and Ridley (1997), probably
because they attempt to approach the problem by asking specific questions about the
placement of character change and directionality associated with a significant result. The
idea of discarding information in uniform taxa merely because of the clustering of
changes is improvident since it constitutes an a-priori assumption about character
association when the goal is to establish such character association. Such circularity in apriori character assumptions and testing should be avoided and instead be addressed with
specific hypothesis testing of character correlation. No method performing correlation
tests assumes that a significant result indicates definite correlation. Rather, careful
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investigations attempt to parse out particular details about the relationship between the
two investigated characters.
We present the corrective measures implemented by correlation methods to
account for non-independence. Methods approach the matter differently, whether they are
directional or non-directional. Coincidently, many methods depend on assumptions
associated with non-independence, which may or may not be phylogenetically
reasonable. In either case, corrective measures are a major component of most correlation
methods, which indicates the concern we have for hierarchical influences.

Directional Character CorrelationThe correlation of characters, binary, multistate or continuous, received a great
deal of attention throughout the development of phylogenetic theory (Emerson and
Hastings 1998; Harvey and Pagel 1991; Huelsenbeck et al. 2003; Martins 1996a; Martins
and Hansen 1997; Martins et al. 2002; Pagel 1994). Authors first struggled with the fact
that data collected from species on a phylogeny are not statistically independent
(described above), making correlation tests invalid unless they take into account ancestry.
However, the issue eventually was recognized and discussed by authors, with some
taking steps to correct for non-independence (Baker and Parker 1979; Felsenstein 1985;
Givnish 1982; Harvey and Mace 1982; Sherman 1979). Initially, parsimony methods
were developed by Gittleman (1981) and later discussed and developed further by Ridley
(1983, 1989) to reconstruct the placements of changes on branches throughout a topology
for determining independent changes between two binary characters. Unfortunately,
Ridley’s parsimony method fails to consider the shared ancestry of the species from
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which the characters were collected. The method simply determines the degree of state
change overlap for two binary characters, thus limiting its application. Similar
shortcomings apply to Felsenstein’s (1985a) method of independent contrasts, though his
method only deals with continuous characters.
The next step in correlated character evolution research took place with the
introduction of two methods designed to account for phylogenetic relationships and
directionality of character change (Harvey and Pagel 1991; Maddison 1990). With the
ability to determine the direction of character change, new methods enabled greater
conclusive power and interpretability of character association. For example, it became
possible to determine if one characters change is consistently followed by a state change
in a second character. This implies a cause-and-affect relationship between the two
characters, which would have previously gone undetected.
Concentrated Character Changes Test (Maddison 1990)
Maddison (1990) designed a method to detect if character change concentrations
exist in specific parts of a phylogeny. The method employs information gathered from the
distribution of character changes in two characters (independent and dependent
characters- explained above) and deciphers the likelihood of the dependent character
changing in the context of an independent character state. This is accomplished first, by
reconstructing ancestral character states by either parsimony optimality criteria
(ACCTRAN or DELTRAN) or potentially, likelihood ancestral state inference.
Comparisons are made between two characters by tracing the optimization of the
independent character over the phylogeny of interest, then calculating the likelihood that
gains and losses in the dependent character are distributed on branches optimized as the
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state of interest in the independent character (state of context). This is accomplished by
calculating all possible probabilities associated with the distribution of gains and losses in
the dependent character, whether they are random on the topology or represent user
specific combinations of gains and losses co-occurring on the state of context branches.
Therefore, all gains and losses in the dependent character are counted using the topology
of interest with state changes optimized for all branches. The resulting numbers of
dependent character gains and losses are calculated for the likelihood of all possible
distributions in the context of the independent character. The method does not require any
information about the actual co-occurrence of dependent character gains and losses on
state of context branches because it calculates all possible mappings. To determine the
likelihood that dependent character gains and losses are occurring on state of context
branches more than would be expected if distributed randomly, the state changes of the
dependent character are counted for only those overlapping with the state of context.
These numbers are input into the likelihood calculations to determine if the actual
numbers of co-occurrence of state changes is significant compared to a random
distribution of dependent character state changes. A significant probability would
indicate that the dependent character changes in context to changes in the independent
character. For example, we may determine the mapping of wing presence (independent
character) in a particular clade and be interested in whether the presence of eye
enlargement (dependent character) is distributed on the same branches. If there are a total
ten gains of eye enlargement across the topology and eight of these gains are cooccurring on branches with wings present, we can calculate if the eight co-occurrences
are enough to indicate a significant correlation between the character states when we

261

determine the probabilities of all possible distributions of the dependent character
changes. Compared to a random distribution of the ten gains, are the eight co-occurring
gains enough to establish significance of correlation? By implementing Maddison’s
(1990) concentrated changes method, one can determine if co-occurring character states
are correlated significantly when compared to a more random distribution. Unfortunately,
the method is limited if these changes occur simultaneously in a branch (Pagel 1994).
Maddison’s (1990) method is heavily dependent on ancestral state optimization,
which does not necessary mean the method itself has limitations, but that implementation
and downstream conclusions will always be linked to the original inferred ancestral
states. For example, conclusions can diverge based entirely on the optimization of
equivocal branches in parsimony reconstruction. We can easily resolve these branches by
using either ACCTRAN or DELTRAN criteria, which shifts state changes to deeper or
shallower branches, respectively. By using ACCTRAN, a greater number of branches
resolved for the independent state of context are created, thus increasing the potential for
co-occurrence of state changes in the dependent character and increasing likelihood of
correlation. DELTRAN resolution has the opposite influence by shifting state changes to
more terminal positions on the topology and decreasing numbers of branches optimizes
for the state of context. A possible solution would be to only assign significance to
characters that are correlated with optimization criteria. Ancestral state optimization
issues are covered in greater detail below, but it is important to recognize here the
possible implications to Maddison’s (1990) method, as he himself states.
The inclusion and exclusion of taxa creates another potential issue for Maddison’s
(1990) method. It has been discussed that numbers of branches can increase the number
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of potential co-occurrences between the state changes in two characters. Besides ancestral
state optimization, adding taxa can create such a circumstance. However, the added taxon
could exhibit either state change and subsequent ‘biases’ are really just a new estimation
after inclusion of additional data points. In response to Maddison’s (1990) application of
his new method to the Sillén-Tullberg (1988) dataset and subsequent findings of no
significant association between aposematic coloration and gregariousness, SillénTullberg (1993) argued that a contingency table is necessary to properly establish
correlation. Maddison’s (1990) findings were based on the taxa included in the dataset
and when gains of a character are treated as dependent on the state of another character a
significant association is recovered. Thus, focusing only on branches that potential gains
can take place the method termed ‘contingency states test’ does not depend on the
influences from the inclusion and exclusion of taxa (Sillén-Tullberg 1993). There is a
great deal of complexity involved in how the method could react depending on what taxa
are added, their states and the position they are added to in the topology.
The method (Maddison 1990) is powerful in detecting significant concentrations
of character changes on a topology. Depending on the questions being addressed,
probability values can be determined for any combination of independent-dependent
character co-occurrence. Further, the method allows a user to focus on particular clades
within a phylogeny and address smaller scale investigations of character associations.
This plasticity allows for greater variability of application and its implementation in
MacClade 4.0 (Maddison and Maddison 2000) provides a straightforward interface.
However, the method was not intended for large-scale investigations of characters and
can be cumbersome when accounting for different ancestral state optimizations.
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The Beginnings of Likelihood Correlation Methods
We present current methods of correlation tests employing evolutionary models to
infer covariation among characters. Development of these methods began with simpler
models and tests and eventually developed into complex likelihood methods. Pagel and
Harvey (1989) and further developed in Harvey and Pagel (1991) incorporates branch
lengths and character transformation rates into an evolutionary model that allows each
character to assume a probability of change over a unit of time. Ancestral character states
are used to estimate the expected values and variance of change of a character in each
branch of the phylogeny. Then observed state changes are transformed to have a
standardized mean and variance of expected change. Standard scores for any particular
state change (0 → 1 or 1 → 0) in each character over every branch can be calculated
using equations presented by Harvey and Pagel (1991). Subsequent standard scores can
be tested using a Pearson correlation coefficient if we assume a normal distribution, or
non-parametric test if we reject a normal distribution, but in either case we must assume
each branch evolves independently (a point of contention presented by (Grafen and
Ridley 1997). The method may be enhanced further if we are not willing to assume that
transformation rates between all state changes are held as constant. In such a case rates
can be estimated via maximum likelihood (see Harvey and Pagel 1991).
The first methods developed to incorporate evolutionary models were quickly
followed by those that attempt to account for variable evolutionary change across the
phylogeny. Harvey and Pagel (1991) recognized that calculating the correlation of a
character while holding character evolutionary rates constant did not reflect the reality
that different clades in any phylogeny are likely evolving at different rates. Therefore, the
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estimation of evolutionary changes and the relationships between two characters would
best be handled by maximum likelihood methods to account for all possibilities of
character evolution. Unfortunately, the purportedly central weakness for all of the
methods mentioned up to this point is that they rely on a single inference of character
states across ancestral nodes. This creates dependence between terminal character states
and higher nodes, not to mention the potential for ambiguity in inferring the states of
higher nodes. This concern led to the development of methods that are ‘…free of the
dependency on a single set of inferred values at the internal nodes’ (Pagel 1994).
Concerns over Ancestral State ReconstructionThe dependence of any method on ancestral state reconstruction is recognized by
most authors investigating the covariance of characters across a phylogeny (Harvey and
Pagel 1991; Huelsenbeck et al. 2003; Maddison 1990; Martins 1996b; Pagel 1994). We
discussed above that character independence is important for statistical validity, but here
we argue that ancestral states can have strong influence on the strength of any conclusion.
In fact, known character states at higher nodes is a fundamental assumption of more than
one correlation technique (Harvey and Pagel 1991; Maddison 1990; Ridley 1983).
Therefore, the methods of inferring character states across higher nodes will impact all
subsequent analyses of character covariance. This situation is akin to alignment issues of
DNA sequence data and the subsequent phylogenetic analyses that become restricted by a
static and not necessarily accurate alignment. Clearly, the gravity of this issue deserves
attention because of down stream impacts to conclusive power.
The first use of a parsimony optimality criterion (see review Schuh 2000) was
performed by Edwards and Cavalli-Sforza (1964) and Camin and Sokal (1965). This
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criteria and one like it described by Farris (1977) placed strict restrictions on character
transformations. For example, changes are considered irreversible (Camin and Sokal
1965) and apomorphies are unique and homoplasy results from a reversal (Farris 1977).
Limitations imposed by these optimality criteria and their lack of realistic application led
to the development of two techniques of character optimization, additive and nonadditive
optimization. “Farris optimization” or additive optimization is defined by Schuh (2000)
as “… character state changes are additive (ordered), but reversals and origination are not
restricted. Additively assigns additional steps (costs) if changes on the cladogram do not
adhere to the state-to-state order of multistate characters as defined on the data matrix”.
The method was utilized by Kluge and Farris (1969) and Farris (1970) and named for
Wagner whom originally described the method. Additive optimization can now be
implemented in study from described algorithms presented in the literature (Farris 1970;
Goloboff 1993; Swofford and Maddison 1987). “Fitch optimization” or nonadditive
optimization is defined by Schuh (2000) as “…use of non-additive (unordered)
transformations for the analysis of amino acid and DNA sequence data. Non-additivity
allows any state-to-state transformation- such as nucleotide for nucleotide, amino acid for
amino acid- without the imposition of additional steps (costs)”. Essentially, Fitch
optimization is the optimization of multistate characters on a topology. A full account of
these methods is presented in Maddison et al. (1984). A number of programs are
available for implementation of parsimony ancestral state reconstruction (MacClade 4.0,
Maddison and Maddison 2000; Mesquite 1.05, Maddison and Maddison 2004; WinClada,
Nixon 1999-2002). Some of the programs have greater power of graphical representation
and suitability for understanding and organizing character systems.
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Using parsimony in ancestral state reconstruction can provide state assignments
for all higher nodes without much computational expenditure. Unfortunately, the relative
simplicity and ease of this criterion is only one side of the double-edged sword.
Parsimony may provide state assignments for all nodes, but the reconstruction created is a
static optimization with incorporated state ambiguities. Moving from one node to the next
during optimization creates interdependence of character states and any ambiguous state
call will influence all downstream nodes. For example, clade A contains species
exhibiting state X, while clade B contains species with state Y. The ancestral node could
be state X or state Y. We resolve the issue by establishing character polarity by
comparison with outgroups. Unfortunately, the criteria may still call the wrong state at
the ancestral node, thus creating a branch where a state change should or should not have
occurred, we are not sure. Therefore, the state call could incorrectly place a
transformation on a more downstream node and influence subsequent correlation analysis
with another character. Resulting static optimizations are taken at face value with
ambiguity considered a resolved issue and used in additional analyses under the
assumption that these states are ‘known’. This area has spurred a great deal of
investigation in recent years and has led to a number of works that investigate such
influence of ancestral state optimization (Frumhoff and Reeve 1994; Höglund and SillénTullberg 1994; Maddison 1990; Ridley and Grafen 1996). We will not present and cover
this body of literature here, but its importance in correlation research is apparent and
should be monitored.
The problems associated with a static estimation of ancestral states performed
with a parsimony optimality criterion led to the development of methods that will
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simultaneously estimate the likelihood of every state change occurring on any particular
branch (Nielson 2002; Pagel 1994; Pagel 1999b). Ancestral states are inferred by the
probability of each state at all nodes for any topology by use of Markov model of binary
character evolution (Pagel 1999b). Likelihood methods were designed to account for
ambiguity by testing all potential changes and ancestral state assignments and provide an
inferred character history based on the arrangement with the greatest likelihood. Further,
they reconstruct character history based on information from phylogenetic relationships
of terminal taxa and branch lengths. We contend, in the context of correlation studies,
likelihood ancestral state reconstruction has greater validity than parsimony because it
can perform hypothesis testing for each node and provide quantitative estimates of state
presence at any particular node. Because state calls at nodes have such large bearing on
statistical tests of correlation, ancestral states should not be considered certain under
various parsimony optimizations, but instead, as probability of presence such that
likelihood determines strength of presence at the node. Therefore, ‘strength’ of presence
could potentially be incorporated into any test of correlation between two characters such
that false confidence is not imposed on the ‘known’ ancestral states.
Sanderson (1993) first presents a model to estimate the rates of gains and losses in
characters across branches of a phylogeny, but it assumes the ancestral states are known.
Certainly, based on the ideals of statistical character evolutionary inference above, we
desire a method that will test all possible character arrangements across the topology
without dependence on non-statistical state reconstruction. Usefully, Sanderson’s (1993)
method achieves a more in-depth investigation of character evolution and can account for
multiple changes along a branch. Schluter (1995), Yang et al. (1995), and Koshi and
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Goldstein (1996) propose methods that satisfy the ideals presented above by estimating
ancestral character states by ‘global’ methods, but it is argued that this approach does not
“produce a maximum-likelihood estimate of the hypothesis of interest” (Pagel 1999b).
Pagel (1999b), instead, argues for ‘local’ methods of ancestral state estimation. He
provides a simple example of ancestral state inference that builds on previous
descriptions of continuous-time Markov model state reconstruction (Pagel 1994, 1997,
1999b). In this example, he presents the mathematics behind the likelihood state
inference for his method and is recommended for review for those interested (Pagel
1999b). In brief, his method compares the maximum likelihood of particular hypotheses
to be true given the data and a specific node. For example, the method finds the
likelihood of the data for hypothesis A (node has state 0) and hypothesis B (node has
state 1), then decides which is better supported and assigns the supported state to the
node. This procedure is a local method of likelihood state reconstruction, which differs
from global methods by fitting likelihood models to specific state hypotheses at specific
nodes or sets of nodes. The global method estimates parameters only once and applies
them to each hypothesis at each node and then partitions “the overall likelihood into its
additive components to find the proportion of the total likelihood attributable to the
different character states at a given node” (Pagel 1999b). Global methods are inferior
because they are maximum likelihood estimates of the likelihoods of ancestral character
states and thus lack the ability to compare hypothesis support at each node since the
parameters do not pertain to and were not estimated for specific character states at
particular nodes. Pagel (1999b) states that parameters may vary depending on state
assigned to a node and that “calculating conditional probabilities from a single model
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fitted to all possible background states” is not functional in determining specific support
for alternative state assignments. All calculations pertaining to the local estimator method
can be implemented in Discrete (Pagel 1994).
A likelihood optimization technique introduced by Nielson (2002) was designed
to map mutations on phylogenies for DNA sequence data (four states- A, C, T, G)
through a Bayesian approach. Nielson (2002) states that the inferences are made based on
the posterior distributions of optimized character states. While maximum likelihood
methods lock parameter values to calculate relative probabilities for the presence of states
on ancestral nodes, they do not account for potential error in the parameters used to
calculate those probabilities (Ronquist 2004). These parameters are fixed after estimation,
but by mere estimation, they do not represent reality. Therefore, Bayesian theory argues
that parameters should be allowed to vary over all possible values before calculating the
posterior probability. Ancestral state probabilities are then calculated with the each
parameter value weighted by a posterior probability. The result is an ancestral state
inference that accounts for uncertainty in state assignment, much like a maximum
likelihood inference, but instead accounting for error in parameter estimations (Ronquist
2004). The method was originally employed to investigate rate variation and the
distribution of nonsynonymous and synonymous substitutions but can be applied to
studying other aspects to character evolution, such as correlation of characters or
hypothesis testing using posterior predictive P values. Unfortunately, Nielson (2002)
never acknowledged the work already accomplished by Pagel (1994, 1997, 1999b) to
comparatively base his method with maximum likelihood optimization of characters.
Further, Huelsenbeck et al. (2003) later applied Nielson’s (2002) method for
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investigating the correlated evolution between discrete morphological characters. Certain
aspects of this method are evident, but reconstructing ancestral states from a consensus
(posterior probabilities) is essentially making biological conclusions derived from
analyses that reflect non-reality. Assigning a particular state at a node should not be
decided by the amount it was recovered in a parameter drifting analysis, thus giving
influence to parameters that are independent of the real data.
Understanding and awareness of the issues associated with ancestral state
reconstruction has progressed considerably over the last decade. Maximum likelihood
techniques have been advanced to account for the problems inherent to parsimony state
reconstruction. We recognize that methods for the correlation of characters demand
certain assumptions about ancestral states and that likelihood methods may be more
equipped at handling them. However, parsimony optimization of characters is a powerful
tool to infer ancestral states because the method makes far less assumptions about the
evolution of a character. Though equivocal optimizations and the total dependence on a
static reconstruction of character states is reason enough to investigate other methods.
The importance of knowing ancestral states to methods testing hypotheses about
character evolution and correlation is obvious. Any conclusion needs to be based on a
legitimate and careful optimization of characters on the topology. By disregarding
information available that can assist in understanding character changes along branches,
parsimony limits our conclusive power because it has based all reference on potentially
ambiguous reconstructions that are subsequently assumed to be reality. As stated above,
likelihood ancestral state reconstruction has greater validity than parsimony in correlation
analysis because it can perform hypothesis testing for each node and provide quantitative
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estimates of state presence at any particular node. Further, likelihood state optimization
can account for all possible reconstructions and provide a tested reconstruction for further
inference of character relationships. Making assumptions that ancestral states are
‘known’ after parsimony reconstruction places undue confidence on the states. Therefore,
we are testing relationships between characters statistically without first testing the
ancestral presence of character states. In the context of correlation study, parsimony
reconstruction is inconsistent with the ideology of the methods.
Maximum Likelihood of Character Correlation- DISCRETE (Pagel 1994)
Pagel (1994) stated that ‘…representing the character states as probability
distributions, all possible transitions among states along the branches of the phylogeny
can be studied, weighted by their probability of occurrence’. He states that the primary
limitation of all previous methods is that none are based on a stochastic model of
evolution and do not make distinctions about differential evolutionary rates across a
phylogeny. With robust phylogenetic reconstruction and estimation of branch lengths
available, information is available to more accurately model character changes on
phylogenies. Pagel (1994) outlines a maximum likelihood correlation method that
incorporates an evolutionary model with parameters inferred from the phylogeny and
accounts for the outlined concerns of ancestral state reconstruction. Specifically, the
method is a correlation ‘…hypothesis test…independent of any particular method for
assigning ancestral values, and of any particular assignment of those values’ (Pagel
1994). A continuous-time Markov model of evolution is employed to describe character
changes along each branch of the phylogeny. The is accomplished by estimating the
simultaneous transformation rates of the two characters, determining the order of state
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changes for characters in each branch when simultaneous changes occur, and
incorporating all possible character states at all higher nodes. When implemented, the
method tests for fit between a model of independent character evolution and a model of
dependent correlated character evolution. A likelihood ratio is calculated to determine if
the null hypothesis (independent model) can be rejected because the data fit the
dependent model significantly better.
The likelihood, given the model of independent evolution L(I), is the product of
likelihoods for each character. If the two characters evolve independently, the product of
their probabilities at each branch is the joint probability of their change on that branch.
Meaning, each character’s probability of change is multiplied to find the probability that
both will change on that branch. Assuming that branches are independent of each other, a
characters chance of changing depends only on the state at the beginning of the branch.
Therefore, a characters probability of change at a particular time on the branch can be
calculated for all possible character change probabilities (2 binary characters, 4 possible
changes along the branch). Pagel (1994) outlines that “To find the likelihood of each
character, first consider one particular realization of character states for the X variable at
the tips of the tree and of assignments of ancestral states at the interior nodes. The
likelihood of this realization is given by the product over all the branches of the tree of
the appropriate probability for each branch as derived from the Markov process. This
product, in turn, is summed over all possible assignments of character states at the
interior nodes, including the root, although the values observed at the tips are help
constant. Repeat this procedure for the Y variable, then find the product of the two
likelihoods.” Since the calculated likelihood of the independent model is simply the
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product of the likelihood of the two characters, it cannot describe the potential correlated
evolution between characters evolving dependently. Parameters describing changes in
one variable as dependent on the state of the other are required to investigate the
likelihood of a correlated model L(D). A transition matrix with 16 parameters is required
to describe the change of the four possible character state combinations at the beginning
of a branch (0,0; 0,1; 1,0; 1,1) to the four resulting character state combinations at the end
of the branch (0,0; 0,1; 1,0; 1,1). Pagel (1994) states, “If the changes in the two variables
are independent, these rate parameters will not differ from the product of the two
corresponding rate parameters … from the model of independence”. He further states that
if the characters are evolving according to the model of dependence, then the rate
parameters will differ from those calculated in the independent model. To calculate the
likelihood of the dependent model, an approach is undertaken identical to that described
above for the independent model. A product of probabilities across all branches is
calculated and then summed over all possible ancestral state reconstructions for each
node. Through maximum likelihood, the best value for L(I) and L(D) are found and
tested for correlated evolution with a likelihood ratio statistic. If the likelihood is greater
for L(D) than L(I), the data fit a model of dependent evolution better. The likelihood ratio
statistic with 4 degrees of freedom establishes if the better fit L(I) < L(D) is significant.
The disadvantages of Pagel’s (1994) method implemented in Discrete are evident.
The program can be computationally intensive, but an upper limit to the data input has
not been investigated. With greater computational power available currently, this has
become less of a concern, but the method does appear to lack speed regarding user level
implementation. For example, if a user requires testing of correlation across many
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different characters, the program was designed to input data for only two characters at a
time. This forces users to create input data files for every pairwise comparison to be
tested. A single input file with all characters present with subsequent selection for testing
would be more advantageous and efficient for the user. Additionally, since differing tree
topologies may return different results, it would be beneficial to input multiple trees into
the program for selected testing as appose to the separate input files currently required.
Further, if a correlation test is run multiple times, variability can exist between the
likelihoods calculated and the likelihood ratio statistic. This warrants repeated test
replicates, which in current implementation has to be completed manually, a time
consuming effort for the user. These disadvantages are entirely based on the current
implementation of the method (easily corrected with a better program), but the behavior
of the method in response to changes in the dataset has not been thoroughly investigated.
The reason for variability in likelihood values between trials is unclear, but the potential
for false conclusions if only a single trial is run is obvious. We are not aware of any
investigations regarding this variability and its potential influence on conclusions.
Additionally, it has never been investigated how the method may handle the inclusion
and exclusion of taxa regarding position in the phylogeny, branch length, and character
states. There is obvious potential for major changes in likelihood values resulting from
taxon sampling changes. The consistency of the method should be tested to determine if
responses to such changes are predictable and uniform with the method’s theory.
One of the many advantages of Pagel’s (1994) method is that it does not depend
on a specific method for reconstructing ancestral states, but instead incorporates all
possible states at every node into the likelihood calculation. The method utilizes branch
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length information to estimate the most likely changes or number of changes along a
branch, making more informed estimates of character evolution over a phylogeny. The
plasticity of the method allows for more in-depth investigation of correlated character
evolution. For instance, parameters that compose the two models can be adjusted, added,
or deleted to ask specific questions about the relationship of changes between character
states. Therefore, besides correlation testing, the user can create specific models to test
for order of character state change, contingent state change or temporal order of state
change (Pagel 1994). These characteristics create a method applicable to numerous
investigations of character evolution while utilizing statistical hypothesis testing for
ancestral state reconstruction, evolutionary rates of character change, and dependence of
change between two discrete characters.
Bayesian Inference of Character Correlation (Huelsenbeck 2003)
Pagel (1994) stated that ideally ‘It is possible…to develop methods that study
simultaneously all possible character state transitions integrated over all possible
phylogenies, weighted by their probability of occurrence’. In recognizing the same
ultimate goal of correlated character analysis sated by Pagel, Huelsenbeck et al. (2003)
proposed a method that accounts for uncertainty in the phylogenetic tree. This method
uses a continuous-time Markov process as seen in Pagel’s (1994) method, but adopts a
Bayesian perspective (Huelsenbeck et al. 2000; Huelsenbeck et al. 2001). A stochastic
model of character evolution is estimated by applying the methods of character mapping
established by Nielsen (2002), but for morphological characters. The model parameters
are estimated to determine character’s evolutionary history but phylogenetic uncertainty
prevents the final ‘realization’ of likely ancestral states. Rather, model parameters
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estimated are ‘averaged over all parameter values and weighted according to the
probability of the parameters’ (Huelsenbeck et al. 2003). Once realizations of ancestral
states are obtained, a relatively simple calculation can be made to determine the degree of
covariation between the two characters (applicable to multistate characters).
Since this method is inherently associated with Bayesian theory and
methodological problems are present when applied to character evolution (Ronquist
2004), a user should familiarize themselves with these issues before implementing the
method. Because this method was simply proposed (Huelsenbeck et al. 2003) and no user
level automated system followed to calculate a correlation statistic, we cannot review the
functionality of the method. Because the method depends on Bayesian inference of
ancestral states, problems discussed above are applicable to correlation testing.
Correlation calculations are derived from consensus reconstructions and incorporate the
posterior probabilities to account for uncertainty. Unfortunately, posterior probabilities
are not actual maximum likelihood probabilities of a particular character state’s existence
at an ancestral node. Rather, the posterior probability is the probability that the model and
prior parameter values are correct. Therefore, subsequent calculations incorporating
posterior probabilities are in reality utilizing an a priori set of parameters but influencing
correlation tests with values that supposedly reflect uncertainty in ancestral state
presence. These values do not reflect the probability of state presence; they reflect the
probability of state presence according to the prior model. If variability in parameters
were to be truly incorporated into ancestral state reconstruction, then maximum
likelihood ancestral state inference should be performed under a variation of a priori
model parameters. Then, true parameter variation and uncertainty could be incorporated
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in correlation tests, free of any particular model. Therefore, state presence uncertainty
would represent real tests of parameter values.
Recently, Suzuki et al. (2002) concluded that posterior probabilities were liberal
in their estimates of statistical confidence of interior nodes. This is worrisome since
posterior probabilities are being used to infer ancestral states for subsequent analyses
when they could represent an overestimation of character state presence. Clearly, further
investigation is required before we can trust statistical tests based on Bayesian derived
probabilities. Therefore, we will not treat the method in our current investigation of
correlation methods.

Non-directional Character CorrelationAll methods aimed at uncovering correlations in discrete characters rely on sets of
assumptions. Each method, whether it is designed to uncover covariance using
distributions of state changes or evolutionary modeling of character changes, all assume
certain aspects of evolutionary process, be it independence of branches, characters
evolving under Brownian motion (Felsenstein 1985a) or a continuous-time Markov
model (Huelsenbeck et al 2003; Pagel 1994). In fact, many assumptions remain constant
across methods. For example, the correlation methods established by Ridley (1983) and
Maddison (1990) can be viewed as simplified likelihood models with a reduced number
of parameters (Harvey and Pagel 1991). This line of thought has been prevalent in
phylogenetic systematics in regards to the parsimony optimality criteria being represented
as an evolutionary model with implicit assumptions similar to the explicit assumptions of
the maximum likelihood optimality criteria. Unfortunately, this statement is made
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without regard to the reality that evolution itself is not a required assumption in cladistic
theory (Brower 2000), though parameterized parsimony tree searching breaches this
distinction by incorporating assumptions about character change. Regardless of your
position, evolutionary modeling can provide considerable power in correlation methods
and can help explain non-likelihood methods.
If the reduction of assumptions is the primary concern in determining the
correlation of two characters, methods employing pairwise comparisons and subtree
decomposition are available to account for such concerns (Burt 1989; Felsenstein 1985;
Maddison 2000; Purvis and Rambaut 1995; Read and Nee 1995). Maddison’s (2000)
method of pairwise comparison provides a suitable approach in understanding such
methods and will be implemented here to investigate functionality. The method attempts
to calculate the level of significance between two binary characters by creating pairings.
Each pairing consists of a set of phylogenetically ‘separate’ pairs of two terminal taxa. To
account for the hierarchical association of taxa, the method creates pairs between taxa by
tracing the branches from one taxon to the other. All pairs are separate and do not
intersect, thus creating a pairing which consists of multiple pairs, each separate from the
other. It is evident that using this method will create the ability to make comparisons with
some level of confidence that selected pairs are not overlapping with others.
Unfortunately, the method does not guarantee true independence of pairs but only
attempts to create a test with limited corrective ability of data non-independence.
Maddison (2000) presents three possible criteria for selecting pairs, but states that
any criteria may be employed using the method to address a specific question. The first
pairing criterion presented is the simplest and most straightforward. Pairs between taxa
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are selected to maximize the total number of pairs in the pairing. These pairs are selected
without regard to character states. Unfortunately, the questions that can be addressed
using this criterion are limited, but can be useful because maximizing pairings can utilize
the greatest amount of information available. Another pairing criterion creates pairs
between taxa contrasting in a single binary character. This criterion allows determination
of whether the taxon in each pair with a particular state is more likely to have one state
over the other in the second character. By creating pairings that contrast in both binary
characters we can test the predictability that contrast in one character reflects similar
patterns of contrast in the second character. This criterion has the greatest application to
hypothesizing about the correlation between discrete morphological characters.
We presented some of the advantages associated with using such a method above,
but others warrant mention because of their central importance in many of the correlation
methods in use. By testing correlation with pairwise comparison there is no need to
incorporate any complex model of evolution, thus reducing the number of assumptions
associated with the test. There is no need to reconstruct ancestral character states, thus
eliminating any dependence on parsimony or likelihood optimizations. The method does
not rely on branch lengths to estimate evolutionary rates of character change and can be
used with an unresolved topology and missing data. Search criteria can be adjusted to
account for unavailable information in the tree or data points, though these criteria would
need to be programmed by the user for tailored implementation.
Disadvantages associated with the method are also mentioned by Maddison
(2000) and should be viewed carefully. The method does have limitations associated with
fewer assumptions. For example, Maddison (2000) discussed the loss of information
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from focusing on a subset of taxa or branches of a tree. It is also shown that the method
of pairwise comparisons may have low power to detect correlations (Grafen and Ridley
1996) and lacks the ability to detect direction of state change (Maddison 2000). Without
directionality, we cannot make conclusions about character influence or whether a
character is adaptive or not. Directionality, as discussed above, is crucial for interpreting
significance in correlation tests.
Regardless of position on assumptions influencing the explanatory power of a
method or limitations resulting from non-directionality, pairwise comparisons provide a
striking perspective on character correlation. Maddison’s (2000) method accomplishes
this by choosing phylogenetically separate pairs of taxa exhaustively, through automated
means, to avoid arbitrary pairing choices. Once pairings are generated through any
pairing criteria, a test statistic is generated for each, thereby estimating significance of
correlation. We intend to apply the mantid dataset to the method to determine how it
behaves and what conclusive power it delivers.

Method Conclusions
Ridley and Grafen (1996) have concluded that directional correlation methods are
limited in development and justification and have a narrower range of application.
Therefore, associative methods should, at this time, be the methods of choice because of
their reliance on less assumptions and avoidance of problematic factors of data nonindependence. Unfortunately, if we were to adopt this line of thought, the testing of
specific adaptational hypotheses could not proceed, nor could directional progression of
character evolution be inferred. This, as we understand it, is the crux of testing for
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character correlation. Without directionality, methods are limited in conclusive power. It
is recognized that there are problems associated with the assumptions that enable testing
with directional methods, but we believe it is a necessity for studying correlation and
making conclusions with some relevance.
We have traced the development of correlation methods and taken stances on their
application. Both directionality and hypothesis testing should be necessary components
of any test. The development of evolutionary models of discrete character change and
subsequent application to maximum likelihood testing has progressed correlation
investigation to statistically verifiable hypotheses. The incorporation of maximum
likelihood ancestral state inference into correlation methods has decreased our reliance on
parsimony reconstructions that can potentially lead to false conclusions merely based on
state reconstruction. Though parsimony has great power at resolving ancestral nodes, we
cannot conduct hypothesis testing to account for all possibilities. Bayesian methods
appear to be a new and provocative means to infer ancestral states and subsequently test
for correlation of characters, but it has not been investigated thoroughly and problems
applicable to tree reconstruction are liable to carry over into correlation testing. Inherent
problems associated with inferences based on posterior probabilities could adversely
influence conclusionary power. The independence of data continues to be of great
concern across correlation methods. The treatment of data points and assumptions about
character independence remains a critical aspect of great contention. It cannot be stressed
enough that the central problem for all methods is the handling of non-independence.
In recognizing the major theoretical systems for investigating the correlation of
characters, we have selected three widely used methods to investigate ease of
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implementation and consistency across data treatment. Additionally, the methods we
have selected for investigation can be implemented with available software packages and
are therefore accessible to the general researcher interested in acquiring results without
becoming an expert in character correlation theory. This remains an important factor is all
aspects of systematics, population genetics, and molecular evolution. The easier and more
available software packages are typically the ones that are most utilized. Authors that
propose new theoretical methods in handling data need to follow with useable systems
for the general user. For example, correlation methods outline by Maddison (1990, 2000)
and Pagel (1994) are available for use in software systems.

 Application of Discrete Character Correlation
Introduction
Understanding the behavior of character correlation methods is important for
proper interpretation of results. The tools are presently available for researchers to test
character covariation hypotheses applicable to their particular system. However, we do
not understand the ramifications of using correlation methods in association with
phylogenies estimated from alternative methods. For example, different correlation
methods could be inconsistent in their findings across differing phylogenies (methods are
not robust to slight phylogenetic differences). Further, it is unclear whether molecular and
morphological datasets can provide sufficient covariation signal such that all correlation
method conclusions converge. This is concerning since most studies employ one method
of tree reconstruction and test correlation with one correlation method. Unfortunately,
method of tree reconstruction alone may heavily influence all down stream conclusions
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about the evolutionary trends of the tested taxa. Even by testing for character covariation
across alternatively estimated phylogenies with a single correlation method, we still risk
erroneous conclusions drawn from limited exploration of methods. Whatever the
theoretical basis of using a particular correlation method, we strive to maintain some
level of consistency in testing characters across differing phylogenies, differing ancestral
state reconstructions, or across alternative correlation methods. The consistency may be
derived from the ‘strength’ of the dataset or the assumptions of the inference method. By
increasing the conclusive power of correlation testing, we can have greater confidence in
our explanations of evolutionary trends. Conclusions should not be based on results that
can be refuted by an alternative correlation test because our understanding of character
evolution would be at the mercy of inconsistent results. We set out to test the consistency
of correlation methods by using phylogenies estimated from alternative optimality
criteria. Further, we perform these investigations with a set of morphological characters
from an interesting clade of Mantodea to increase our understanding of character
evolution and association for our existing and future investigations of Mantodean
evolution.
Morphological character systems of Mantodea have rarely been tested by
phylogenetic analysis (Svenson and Whiting 2004). Further, a morphological cladistic
analysis has never been completed across all mantid lineages. Therefore, our
understanding of morphological character evolution in the group is little understood and
largely based on the taxonomic organization of the group. We currently recognize that
many of the characters used to delimitate groups appear to be synapomorphies for
recognized lineages, but a large number of taxonomically vital characters appear
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homoplasious on a molecular phylogeny and do not identify natural groupings
(unpublished analysis). In an effort to understand the evolution of some of these character
systems, we have selected a taxonomic sampling from the ‘higher’ clades of our analysis
(Figure 2, unpublished analysis) for investigation of a morphological character system
presumed to be involved with crypsis. In gaining understanding of such a character
system, we can not only use the results to properly defined natural groups, but
appropriately code and weight the characters in a morphologically based cladistic
analysis. It has been shown that coding characters which are members of a single system
‘linked’ to a biological or environmental factor constitutes a priori up-weighting
(Emerson and Hastings 1998). Therefore, character systems need to be identified and
appropriate care should be taken in sampling from such ‘linked’ groups.
Svenson and Whiting (2004) determined through molecular phylogenetic analysis
that there was a single origin of mantids exhibiting stationary ambush hunting strategy
(ambushing mantids). The ambush origin was followed by a large radiation of species,
forming one of the most speciose groups of Mantodea. The lineage is dispersed across the
planet in habitats ranging from dense wet tropical to dry African scrubveld. With such
habitat diversity and geographical spread, one could imagine that morphological
innovations would occur. In fact, we do see these innovations in the ambush clade, but to
what degree these characters are connected is unclear. Among the character innovations
witnessed by taxonomists are coloration, cuticular expansions on head, legs, pronotum
and abdomen, modeling of wing structures, modification of eye and head shape, and
overall profile reduction (Ehrmann 2002). Presumably, the same force that generated
modeled wing morphology and cuticular lobes on the femur would also select for other
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character states that improve the species crypsis. Are these characters co-occurring to
such a degree that they are significantly correlated? If so, are we to use each of the
correlated characters involved in the system as a separate character or should we include
only one character that encompasses the entire system to avoid a priori weighting? The
answer to these questions involves the specific testing of character correlation and a
determination of the linkage and extent of any particular character system.
The goals of this study are to investigate the functionality, consistency, and
implementation of some widely used discrete correlation testing methods. We strive to
understand how methods treat data and how using different phylogenetic estimates can
influence downstream conclusions. We have presented the theory of these methods in
detail and described associated drawbacks. All methods have strengths and weaknesses
and can be utilized depending the questions addressed. The methods investigated are
Pagel’s (1994) likelihood test, Maddison’s (1990) concentrated changes test, and
Maddison’s (2000) pairwise comparisons test. Additionally, phylogenetic reconstructions
are conducted using four widely used methods to provide input data for correlation testsparsimony, likelihood, Bayesian, direct optimization.
Phylogenetic reconstruction
Outgroup exemplars include four species of Mantodea selected from four families
distributed in four clades throughout the phylogeny of Mantodea (Svenson and Whiting
2005, unpublished analysis). Thirty-four species were selected as ingroup exemplars from
the ‘ambush’ clade of the topology (Svenson and Whiting 2004), including
Hymenopodinae (4), Orthoderinae (1), Mantinae (2), Epaphroditinae (1), Vatinae (4),
Paramantinae (6), Stagmomantinae (2), Acromantinae (5), Phyllothelinae (1),
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Stagmatopterinae (2), Choeradodinae (1), Empusinae (2), Sibyllinae (1), Antemninae (1),
Oxypilinae (1). Our distribution of mantid samples covers all lineages represented in the
‘ambush’ clades based on our previous analysis of the order (Svenson and Whiting,
unpublished analysis).
Thoracic and profemoral muscle tissue was excised from specimens preserved in
100% ethanol. DNA was extracted using Qiagen DNeasy (Valencia, CA) protocol for
animal tissue. Specimen and DNA vouchers are deposited in the Insect Genomics
Collection (IGC), M. L. Bean Museum, Brigham Young University. Six genes were
targeted for amplification and sequencing: 12S ribosomal DNA (12S rDNA, ~500 bp),
16S ribosomal DNA (16S rDNA; ~ 440 bp), 18S ribosomal RNA (18S rDNA, ~1,800
bp), 28S ribosomal RNA (28S rDNA; ~2,800 bps), Histone 3 protein coding for the
nucleosome (H3; 329 bp), and Cytochrome Oxidase II (COII; 600 bp). Primers and
protocol utilized for 18S and 28S amplifications are given in Whiting (2002). Additional
primer sequences and amplification protocols for 12S rDNA, 16S r DNA, COII, and H3
are provided in Table 1.
DNA regions of the six targeted genes were amplified via the polymerase chain
reaction (PCR) on a DNA Engine DYADTM, Peltier Thermal Cycler. PCR products were
visualized with gel electrophoresis to verify amplification and contamination via negative
controls. Amplicons were purified via the Montage PCR96 Cleanup Kit (Millipore®), and
cycle sequenced with ABI Prism Big Dye® version 3 dye terminator chemistry.
Sequencing reactions were column purified with SephadexTM G-50 Medium and
fractionated with an ABI 3730xl DNA analyzer. Gene regions were sequenced with
complements and sufficient overlap with adjacent regions to ensure accuracy of sequence
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data. Sequence data were imported into Sequencher® 4.0 (Genecodes, 1999) for
nucleotide editing and contig assembly. Data previously published remains identical to
sequences deposited on GenBank (Svenson and Whiting 2004).
Morphological data was coded from primary and secondary molecular vouchers
(see Appendix). When possible, multiple representatives of male specimens were
examined to account for species level variability. Unfortunately, in many cases only a
single individual was available, but the distance between sampled taxa is great enough to
nullify interspecific morphological variation having significant influence. A total of 10
binary characters were coded across the sampled taxa.
Phylogenetic Estimation To fully explore the data set, multiple analytical techniques
were utilized for phylogenetic reconstruction. For molecular data, this will include
searches performed on static alignments and direct optimization (Gladstein & Wheeler
1997).
Static Alignment Search- Protein coding genes were aligned based on their conserved
codon reading frame. Static sequence alignments for length variable ribosomal genes was
performed in MALIGN (Wheeler & Gladstein 1994). Parsimony analyses was
implemented in PAUP 4.0b10 (Swofford 2002) for the total combined data set (1000
random additions) using standard search algorithms (SPR and TBR). Partitioned Bremer
support values (Baker & DeSalle 1997; Bremer 1994) were calculated in TreeRot.v2c
(Sorenson 1999) in conjunction with PAUP. Nonparametric bootstrap values were also be
calculated (1000 iterations, 10 random addition sequences for each) using PAUP. Data
was also analyzed under the maximum likelihood criterion. The best fit likelihood model
for the implied alignment of the total combined data set was determined using ModelTest
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3.06 PPC (Posada & Crandall, 1998). Partitioned Bayesian (Johan et al. 2004) and
maximum likelihood analyses were performed with the program MrBayes (Huelsenbeck
and Ronquist 2001) and PAUP 4.0b10 (Swofford 2002), respectively, using model
parameters from the calculated best-fit model. Maximum likelihood analyses were
implemented on multiple desktop Machintosh G5’s with at 10 random addition sequences
each to total 100RAs. Partitioned Bayesian analysis consisted of 3,000,000 generations.
The burn-in period was identified and discarded to produce a consensus posterior
probability topology. The topology with the greatest likelihood was subsequently selected
for correlation analysis.
Direct Optimization Search- Treating DNA sequence data with the same optimality
criterion in both alignment and tree search provides a search strategy with greater
consistency. Protein coding genes were aligned by eye based on their conserved codon
reading frame and treated as prealigned (=static) in the direct optimization. Ribosomal
genes were manually aligned initially in Sequencher® 4.0 and partitioned into regions at
the conserved domains in order to speed up the alignment search strategy for direct
optimization. Partitioned gene regions were analyzed simultaneously using direct
optimization (DO) in POY (Gladstein & Wheeler 1997). By eliminating the initial step of
producing static multiple alignment, tree searching and character homology can be
assessed simultaneously in order to find the globally optimal solution. Cost ratios for gap
insertion, transversion and transitions were treated as equal (Wheeler et al. 2001) and
have undergone a thorough search (500 random additions for total combined analysis).
As in the analysis performed on the static alignments, branch support for
parsimony analyses was calculated for the combined data set. Bremer support values
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(Bremer 1994) were calculated with POY during analysis while partitioned Bremer
support values (Baker & DeSalle 1997) were calculated with the implied alignment using
the programs described in “Static Alignment Search” above. While the implied alignment
of POY is not intended to be the same as a standard multiple alignment, calculating
partitioned Bremer values does provide useful information about individual gene
contribution to the total combined analysis. Nonparametric bootstrap values were
calculated using the implied alignment from POY in PAUP 4.0b10 and consisted of 1000
iterations, 10 random addition sequences for each. All analyses will be performed on an
IBM 1350 Linux Cluster supercomputer using facilities at BYU.
Methods for Correlation Analysis
The best phylogeny was selected from each of the four phylogenetic analyses.
Each of the four trees derived from maximum likelihood, maximum parsimony, direct
optimization, and partitioned Bayesian analysis were input into three methods of
calculating character correlation (Discrete (Pagel 1994), Pairwise Testing (Maddison
2000), and Concentrated Changes Test (Maddison 1990)). The tree with the best
likelihood was selected from the Bayesian output because character optimization should
not be inferred on a consensus tree. Tree topologies were formatted for specific input into
the three correlation software packages. The morphological matrix (Figure 4) was treated
with each of the four topologies to maintain independence between phylogenetic
estimations. Because state presence in character 1 and character 2 are identical, analyses
were run between the two for each correlation method to establish significance, but
character 2 was subsequently removed from pairwise testing with the remaining eight
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characters because character 1 could represent them both. Therefore, the tested
morphological matrix consisted of 9 tested characters.
Discrete (Pagel 1994) demands a specific formatting of tree topologies that
includes information on branch length, character states, and taxon relationships. Branch
lengths for the three phylogenies were based on the MALIGN alignments while the
“implied alignment” was used for the direct optimization phylogeny. WinClada (Nixon
1999-2002), implemented in Microsoft Windows XP, was used to generate branch
lengths under fast optimization for each of the four phylogenies. Discrete input files were
coded for each phylogeny and pairwise comparison between the 9 morphological
characters. This resulted in the generation of 36 tree files for each of the phylogenetic
analyses, for a total of 144 input files. Discrete tree format is described in the program
manual and conversion software is currently available for automated formatting. Each of
the 144 files was implemented in Discrete to find the likelihood under the ‘independent’
and ‘dependent’ models of evolution to test for correlated evolution between the two
characters in the file. By running these two analyses in sequence (independent then
dependent) a likelihood ratio (LR) statistic is calculated to accept or reject the null
hypothesis (independent evolution). Because of variability in the likelihood values
between runs, each of the 368 files was repeated 10 times to assure the model likelihoods
and LR statistics were consistent across trials. The null hypothesis was rejected only
when all 10 runs resulted in a significant LR statistic. Significance was established with a
90% confidence interval with 4 degrees of freedom (LR statistic ≥ 7.77944). The LR
statistic and the likelihoods for the independent and dependent models were recorded for
each of the 1,440 trials implemented in Discrete.
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The Concentrated Changes Test (Maddison 1990) produced great limitations to
our investigation. Because of the large component of manual calculations required to
specifically test the correlation between two characters, we could not perform
comparisons between all 9 morphological characters. Instead, we selected the four
characters (Character 1, 4, 8, and 10) consistently shown to be significantly correlated by
Pagel’s (1994) method and Maddison’s (2000) method to investigate the specific patterns
of change between these character and how ancestral state inference can potentially
influence the conclusions about characters thought to be strongly correlated. Each of the
four tree topologies were input into MacClade 4.0 (Maddison and Maddison 2000) as
NEXUS files along with the four-character morphology matrix. Ancestral states were
optimized on each phylogeny for the four characters using ACCTRAN and DELTRAN to
resolve equivocal branches. Therefore, a total of 32 ancestral state optimizations were
performed across the four phylogenies. The total gains and losses were counted and
recorded for each character under both optimizations on the four trees. In MacClade,
concentrated changes tests were completed by tracing the independent character on the
phylogeny of interest and calculating the probabilities for all possible distributions of the
total gains and losses in the dependent character with respect to the state of interest in the
independent character. Simulation had to be used when the number of total gains and
losses was above the limits of exact calculations (see MacClade 4.0 manual). Next, gains
and losses in the dependent character that actually occur on branches with the state of
interest in the independent character (traced on the phylogeny) were manually counted
and recorded. These co-occurrences are derived from the comparison between the
ancestral state optimizations of each character on the phylogeny being investigated.
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These values were input into the concentrated changes table (given after calculations are
completed) to determine if the actual co-occurrence of gains and losses in the dependent
character on branches with the state of interest in the independent character is significant.
A significant p-value (p ≤ 0.05) rejects the null hypothesis that gains and losses are
randomly distributed on the phylogeny with respect to the state of interest in the
independent character. Each character was tested with the other three under the two
optimizations and treated as the independent or dependent character for a total of 24 tests
for each of the four phylogenies. Therefore, a total of 96 concentrated changes tests were
performed and a subsequent p-value for each test was recorded. Testing each character as
either independent or dependent will determine if there is significant association with
directionality between the two characters. Using the two optimizations is designed to
determine the importance of ancestral state inference on conclusions about character
evolution.
Pairwise comparison tests (Maddison 2000) were conducted in Mesquite 1.05
(Maddison and Maddison 2004) to test for significance correlation between an
independent and dependent character. Each tree was separately input directly into
Mesquite from a NEXUS file and displayed in a tree view window. The morphological
matrix of 9 characters was linked to the tree file being tested and pairwise analysis was
selected from the menu. Each of the three pairing algorithms available (Maximum pairs,
contrast pairs for 1 character, and contrast pairs for both characters) in Mesquite was run
twice for each character comparison. For example, character 1 and character 5 were
compared with each algorithm with character 1 serving as the independent character, than
the two were compared again using each algorithm with character 5 as independent.
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Therefore, in each pairwise comparison, independent and dependent characters were
switched and resulted in two separate runs. With 36 pairwise comparisons between the 9
morphological characters across four different phylogenies run with three separate
pairing algorithms twice, a total of 864 separate analyses were completed. Therefore, a
total of 216 unique trials were run for each of the four input phylogenies (12 trials run
between character 1 and character 2). When comparing two characters with pairwise
comparisons, the pairing algorithms can find multiple pairings. Since each pairing has an
assigned p-value and some are significant and some are not, each pairwise analysis
returns a range of p-values. Since Mesquite does not provide any other statistics on the pvalues for a particular pairwise comparison we recorded whether the range was entirely
within significance (p ≤ 0.05, recorded as Y), some pairings significant and some pairings
non-significant (recorded as ?), and all p-values non-significant (p ≥ 0.05, recorded as N).
Because a pairwise comparison has the potential to contain thousands of pairings, we
cannot manually determine the average or median of the p-values.
Phylogenetic results
Phylogenetic analyses completed with four procedures (Direct OptimizationPOY, MALIGN based parsimony, ML and Partitioned Bayesian tree estimation)
recovered four tree topologies largely congruent at higher nodes (Figures 3a-d). A
majority rule consensus tree demonstrates that most nodes were recovered in three or
more of the analyses (Figure 4), indicating the robustness of the data set to phylogenetic
method. The relationships recovered in the analyses are also largely congruent with our
overall analysis of the Mantodea phylogeny (Svenson and Whiting 2005, unpublished
analysis), though we have observed minor inconsistencies in taxon placement probably
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due to reduced taxon sampling. Branch support across all four topologies is relatively
high, though certain nodes are not well supported in any analysis (Figure 3a-d). Not
surprisingly, branch support was greatest for the direct optimization topology, which can
be attributed to using an implied alignment to calculate support. By using an implied
alignment for calculations, supports are inflated since characters are optimized to
represent the relationships on the topology. Typically, deeper nodes in the two largest
clades (red and green clades; Figure 3a-d) are not as well supported in the parsimony,
maximum likelihood, and Bayesian analyses. Backbone nodes also express limited
support for bootstrap and Bremer values. Resolution of most of these deeper nodes in the
majority rule consensus provides confidence that deeper nodes are stable across methods.
Nodal stability is important because all nodes have great downstream influence on
correlation analyses and weak or collapsible nodes (across methods) are indication that
reconstructions may be recovering relationships that our data is unable to strongly
resolve. Our results indicate there is enough branch support and node stability for further
correlation testing because Figure 4 demonstrates resolution between phylogenetically
separate concentrations of character states (important in establishing adaptive characters
and correlation between them).
The ingroup was recovered as monophyletic, but relationships among outgroup
taxa are incongruent with previous studies (Svenson and Whiting 2004). We attribute this
to the lack of taxon sampling across much of mantid diversity (Figure 2) and thus our
analyses were not equipped to resolve outgroup relationships. Two major clades were
recovered in all four analyses with a lineage of the non-monophyletic Mantidae (Mantis
religiosa + Statilia maculata) as sister group. The two large sister clades (red clade and
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green clade; Figure 3a-d) are congruent with previous mantid phylogenetic analyses
(Svenson and Whiting 2004, and 2005 unpublished analysis). The red clade is composed
of taxa from Hymenopodidae, Sibyllidae and Mantidae (Phyllotheliinae). A
monophyletic Empusidae is sister to the red clade. Hymenopodidae is paraphyletic due to
a lineage of Mantidae (Phyllotheliinae) and Sibylla pretiosa (Sibyllidae) nesting within
the lineage. These relationships are consistent with recent results from Mantodea
phylogenetic analyses (unpublished analysis), though Empusidae has been shown to nest
within the Hymenopodidae clade (Svenson and Whiting 2004). Also consistent with the
Svenson and Whiting (2004) analysis is the paraphyly of subfamilies Hymenopodine and
Acromantinae. There appears to be little molecular support for the two subfamilies as
natural groupings. The relationships within the red clade appear to be incongruent among
the four topologies, which caused many nodes to collapse in the majority rule consensus
(Figure 4). There is reasonably good branch support throughout the red clade across
methods, but key taxa are recovered in very different positions and thus disturb
congruence of higher nodes.
The green clade is composed entirely of Mantidae lineages. Mantidae has been
shown to be paraphyletic (Svenson and Whiting 2004) as are most of the subfamilies
within the family. The family has been indicated by molecular evidence as a taxonomic
dumping ground and the family and many of the subfamilies do not represent natural
groups (Svenson and Whiting 2004). Relationships within the green clade are largely
congruent across the four topologies (Figure 3a-d) and the majority rule consensus
reveals that most nodes are recovered in all or three phylogenetic methods (Figure 4).
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Morphological characters (Appendix B) were mapped on the terminals (Figure 4)
to demonstrate character states across species. Patterns are evident among character states
that suggest the possibility of covariance among characters. Further, there appears to be
concentrations of character states on certain branches or certain groups of branches. The
states of character 1 and 2 always occur together in the same taxa. The greatest
concentration of character state presence is in the red clade, while the green clade
contains the largest concentration of state absence. All characters are homoplasious when
mapped on the molecular phylogeny. Mapping of characters and the positions of taxa
exhibiting particular character states suggest character convergence between taxa in the
green clade and taxa in the red clade. Interesting placements are worth mention because
they will become important in correlation tests and interpretation of those results. Vatinae
is recovered with Stagmotopterinae in all analyses. Perhaps most importantly based on
morphological mapping, Vates and Phyllovates species are closely related to each other
(Figure 4). Antemna rapax is recovered as sister group to two species of
Stagmomantinae. The placement of Antemna rapax is distant to the position of the genera
Vates and Phyllovates, which is contrary to what is suggested by the morphological
character states of these taxa. Patterns in the placements of taxa within the red clade are
difficult to detect due to the lack of resolution in the majority rule consensus (Figure 4).
The complexity of this character mapping demonstrates the need to perform ancestral
state reconstructions in order to better understand the evolution and state changes in these
characters.
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Correlation Results
The four phylogenies derived from four separate methods of phylogenetic
estimation (Figure 3a-d) were used in correlation analyses to determine the association
between ten binary morphological characters. The differences seen in the four topologies,
represented in a majority rule consensus (Figure 4), were preserved through all
correlation analyses.
Discrete (Pagel 1994)
Having executed 1,440 runs in Discrete to determine significance of correlation
between the morphological characters, we have determined the program is the most
consistent across alternately derived phylogenies. The recorded likelihoods for the
independent and dependent models demonstrate that a number of the pairwise
comparisons produce LR (Likelihood Ratio) statistics that are near or within the range of
significance (Table 1). All phylogenies recovered significant correlation between leg
lobes (character 1) and head spines (character 4), leg lobes (character 1) and femur length
(character 8), and head spines (character 4) and emargination between eyes (character
10). Parsimony detected strong correlation between head spines (character 4) and femur
length (character 8), but both likelihood derived phylogenies returned LR statistics below
significance. Finally, the likelihood-derived phylogenies recovered a near significant
correlation between leg lobes of the pro-femur (character 3) and head spines (character
4). Both direct optimization and maximum parsimony recovered LR statistics for the
correlation between these two characters much below the level of significance. Not
surprisingly, the LR statistics were extremely high for the correlation of leg lobes on the
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mesothoracic legs (character 1) with the leg lobes of the metathoracic legs (character 2).
These two characters are identical in state presence across the matrix (Figure 4).
When Discrete LR statistic values are scatter plotted and sorted by ascending
value the likelihood phylogenies consistently recover higher values than the two
parsimony phylogenies (Figure 5). Additionally, the two parsimony phylogenies recover
negative LR statistic values more often then the likelihood phylogenies. In fact, only four
runs in Discrete resulted in negative LR values in the maximum likelihood phylogenies.
The LR significance value is indicated by a red line on the chart (Figure 5). There is no
gap between significant correlated character pairs and non-significant character pairs. A
linear gradient of increasing LR values exists in all four phylogenies around the threshold
of significance, which indicates a large number of nearly significant trials between
characters. Adjustment of level of significance would include or exclude a large number
of runs. Only at the LR value of 12 does a gap appear in the gradient in all four plots.
This gap is produced by a large separation in LR values present in all three of the
phylogenies (average gap difference between the three plots ~2.086). The partition
Bayesian analysis has a much broader gap present between 8.95603 and 12.72815. The
consistency of LR statistics across methods for particular character comparisons is
demonstrated in Figure 6. Typically, high LR statistic values are recovered in each of the
four method topologies being tested. In certain cases, parsimony may recover higher LR
values then likelihood or visa versa. Additionally, some character comparisons recover
LR values above and below the threshold of significance (Figure 6).
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Concentrated Changes Test (Maddison 1990)
The state change distributions of two characters were investigated for significant
association using the concentrated changes test in MacClade 4.0 (Maddison and
Maddison 2000). P-values were recorded for the associated changes between the four
tested morphological characters under ACCTRAN and DELTRAN ancestral state
optimizations for each of the four phylogenies (Table 3). For tests completed under
ACCTRAN optimization, only 6 of the 12 tests were consistent across the four
phylogenies. Similarly, 6 of the 12 tests completed under DELTRAN optimization were
consistent. The percent of significant results recovered across all phylogenies under
ACCTRAN was 62.5%, while under DELTRAN only 54.2%. Each character comparison
was made twice (directionality test), once with one character serving as the independent
variable and once with the opposite character serving as the independent variable. For
example, in the direct optimization phylogeny under ACCTRAN optimization, when
character 1 is compared to character 4 significance is recovered only when character 1 is
treated as the independent variable. This indicates a directional association between the
two characters (character 4 changes from one state to another with reference to a
particular state in character 1). Under ACCTRAN optimization, 50% of directionality
tests indicated such directional association. DELTRAN optimization recovered
significance with directionality in 42% of the tests. Directionality across all tests was
most recovered in the two phylogenies derived with parsimony (8 of 12 in direct
optimization and 7 of 12 in maximum parsimony).
In comparing significance recovered between differing ancestral state
optimizations, of the 48 test pairs (optimization is the variable) 12 (25%) differed in
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signficance when treated with either ACCTRAN or DELTRAN optimization criteria
(Table 3). Ancestral state reconstruction criteria influenced results for the maximum
parsimony phylogeny greater then any of the other phylogenies. In fact, 50% of the tests
(6 of 12) in maximum parsimony changed from significant to non-significant when the
ancestral state optimization criteria were changed. The other phylogenies were not as
strongly influenced by state optimization (partitioned Bayesian (2 of 12- 17%), maximum
likelihood (3 of 12- 25%), direct optimization (2 of 12- 17%)).
The influence of ancestral state reconstruction on establishing significance of
directionality is demonstrated in Figure 7. In Figure 7a, character 1 is optimized with
ACCTRAN on the partitioned Bayesian phylogeny, while in Figure 7b DELTRAN
optimization is used. Under ACCTRAN optimization, treating character 1 as the
independent or dependent variable both recovers a significant association with character
4, which is unambiguously resolved (Figure 7c). Under DELTRAN optimization (Figure
7b), character 1 must be treated as the dependent variable to be significantly associated
with character 4. The number of branches resolved as the state of interest in character 1
changes considerably between optimizations (Figure 7a,b). In a different example, by
changing the optimization of character 8 on the direct optimization topology (Figure
7d,e), we recover a significant directional relationship with character 10 (Figure 7f).
Under DELTRAN optimization, there is no significant relationship between the two
characters, but ACCTRAN optimization recovers significance when character 8 is treated
as the independent variable (Table 3). This same pattern is present in a number of other
character comparisons across the four phylogenies (Table 3). Depending on the
optimization and treatment of the character, significance of association can change and
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directionality can be established or dismissed. Many character comparisons do not
change even when optimizations and treatment of independence are changed. Many of
these ‘robust’ character pairs have unambiguously resolved ancestral character states and
are not influenced by changing optimizations.
Pairwise Comparison Test (Maddison 2000)
Character comparison trials using the pairwise comparison test (Maddison 2000)
recovered many significant pairings between the tested characters (Table 2). A total of
876 trials were completed across the four phylogenies. Twelve trials were completed to
find the p-values between character 1 and character 2, which demonstrate high levels of
correlation across all three pairing criteria (Table 2). Therefore, a total of 216 unique
trials were completed within each phylogeny (216 trials across 4 phylogenies = 864
trials). Each unique trial consisted of a particular pairing criteria (Maximum pairs,
contrast pairs for 1 character, and contrast pairs for both characters) and a particular
combination of two characters. Therefore, 108 trials were completed with one of the two
characters as the independent variable and the other 108 unique trials were completed
with the other character as the independent variable. Of the 216 unique trials, 165
(76.4%) were constant across all four phylogenies for recovering a non-significant
association (N). The remaining 51 unique trials (23.6%) recovered either a definite
significant association (Y) or an inconclusively significant association (?) in at least one
of the four input phylogenies. Of these 51 unique trials, 23 (45.1%) recovered the same
result across the four phylogenies (Y in all four or ? in all four) and 28 (54.9%) recovered
differing results across the four phylogenies (any combination of Y, ?, or N). Of the 23
consistent results only 5 (21.8%) were conclusively significant (Y) and the rest (18,
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78.2%) were inconclusively significant (?). This means that only 2.3% of our results were
conclusively significant and consistent across all four phylogenies. Further, four of the
five of these consistent and conclusive trials resulted from testing with the contrast pairs
for both characters pairing criteria. Pairswise comparisons between characters 1 and 7
with each being treated as independent were significant across all four phylogenies.
Similarly, characters 4 and 10 exhibited the same results. The single significant
correlation that resulted from testing with the contrasting for 1 character pairing criteria
was between characters 1 and 4 when character 1 (presence of leg lobes) was treated as
the independent variable. This indicates that taxa with the presence of leg lobes are more
likely to have head spines than taxa without leg lobes. Pertaining to the across phylogeny
variability witnessed in our results, no single phylogeny consistently was the cause of this
variability in the trial results. For example, we could not observe any pattern across all
variable trials for which a particular method recovered a different result than the other
three. When pairwise comparisons are made for differences in results between the four
phylogenies we see that maximum parsimony exhibits the largest number of results
differing from the other three input phylogenies (24- direct optimization, 23- partitioned
Bayesian, and 16- maximum likelihood). Direct optimization and partitioned Bayesian
phylogenies were the most similar in results with only 11 differences. Maximum
likelihood was shown as being very similar to the direct optimization (13 differences) and
partitioned Bayesian (12 differences) phylogenies.

303

Discussion
Conclusions on Mantodea Morphology
Association between some of the ten binary morphological characters is evident
in our results. Though the dataset was primarily meant to test correlation methods, we are
able to make some conclusions about specific character correlations in Mantodea. For
instance, correlation between leg lobes present on the mesothoracic legs and leg lobes
present on the metathoracic legs is consistently supported across all tests in all correlation
methods. Further, strong significance was recovered in every test pointing to the strong
linkage between these two character states. The presences of these character states on
structures that are considered to be serially homologous indicate that the presence of the
state on one leg will not occur without presence on the other leg. The identical state
presence seen in Figure 4 also supports the serial homology of these two characters
(Character 1 and 2). Interestingly, the prothoracic leg in mantids can also express a lobe
(Character 3), but it was not significantly correlated with character 1/2. Therefore, it
appears that morphological expression (at least for leg lobes) has decoupled between the
prothoracic leg and the other two, but the meso- and metathoracic legs remain coupled
morphologically. This is not surprising considering that the raptorial forelegs of mantids
no longer closely resemble the mantids other walking legs.
We also see strong support for the correlation between the presence of leg lobes
on both legs and the presence of a cuticular projection on vertex of the head (Character
4). Both structures appear to be associated with crypsis and their correlation suggests that
mantids evolving towards more cryptic lifestyles will more often then not express these
characters together. We do not suggest that these two characters are apart of a single
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character system, but only indicate the potential for recognizing and predicting their
distribution and usability for cladistic and systematic purposes. Our results also suggest
that the presence of an emmargination between the eyes (Character 10) and the reduction
of leg length in reference to body length (Character 8) also have moderate correlation
with the character 1 and character 4. These results were not as strong and consistent
across all methods, but the significant correlations indicated by Discrete suggests they are
members of an assortment of morphological characters associated with mantid crypsis.
The remaining characters coded were not significantly correlated with characters 1, 4, 8
and 10, but were initially hypothesized to be characters that may indicate cryptic
advantages. This may still be the case, but they are not changing in response or similarly
to the four correlated characters already discussed.
Conclusions on Methodological Tests
All conclusions in scientific analyses are directly dependent on the methods used
to derive them. Unfortunately, the conclusions of correlation studies depend on multiple
stages of inference to enable testing of significant associations between binary
morphological characters. These stages include DNA alignment (homology statements),
phylogenetic reconstruction (optimality criteria), morphological character coding,
potentially ancestral state reconstruction, and finally, the method that determines the
covariation between characters. Since multiple techniques are available at each stage of
inference and these techniques are capable of recovering different answers, one can see
that conclusions may be entirely based on the particular combination of techniques
employed. In fact, changing the technique in any single stage could influence inferences
in all downstream stages and thus alter the final conclusions. Correlation methods can be
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considered ‘late stage’ inferences, which make them particularly sensitive to changes in
upstream estimates. Because all stages are estimations and are not certain, our
conclusions are subject to the confidence we have for these estimates. Unfortunately,
correlation methods all assume that upstream estimates are ‘known’ and conclusions can
be directly derived from correlation results. The circumstances that surround correlation
method conclusions demand some determination of result confidence. We contend that
this confidence can be determined through method consistency across differing upstream
estimates. A methods ‘robustness’ to these changes indicates the conclusive power of the
test. Therefore, the correlation method with the least sensitivity to differences in input
estimates should receive our highest confidence for conclusive power.
With four out of five character comparisons consistently significant across the
four input phylogenies the likelihood based correlation method implemented in Discrete
provided the most trustworthy results (Table 1). Further, the method recovered highly
consistent LR statistics across the four phylogenies for nearly all of the character
comparisons (Figure 6). This consistency, even in non-significant character comparisons,
indicates that the method has the ability to determine associations between two characters
even with changes in the topology. By treating the data in a likelihood framework and
accounting for all possible ancestral state reconstructions, it appears the method is able to
account for less than certain character associations and assign them appropriate
likelihoods. By evaluating the probabilities of character state changes on each branch of
the topology and modeling these changes for independent and dependent evolution
between two characters, the method determines a phylogeny wide likelihood that appears
to overcome differences in the input topologies. Changing the positions of taxa on the
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topology still recovers nearly the same character state change likelihood under both
models of evolution. The robustness of the method to changes in taxon position is
desirable since complete congruence between phylogenetic estimations using different
optimality criteria is rare. Additionally, branch lengths derived from parsimony or
likelihood trees do not influence the consistency of correlation results. This indicates that
determining rates of state changes from branch lengths is largely a function of relative
values across the phylogeny.
Plotting the values of the likelihood ratio statistics from least to greatest reveals a
pattern in results from Discrete tests (Figure 5). Simply adjusting the level of significance
for the LR value can include and exclude a large number of results determined to be
significant. Therefore, it seems arbitrary to place the threshold at any particular level
without first investigating a plot LR values. The gap present in Figure 5 may be an
appropriate region to place the threshold because a natural separation between significant
and non-significant comparisons exists. If there is a continuum of LR values across the
character comparisons then those that are determined significant should be separated
from the continuum to avoid an arbitrary threshold. The separation would indicate that
the level of character association is much greater in characters that are in reality
correlated instead of slightly more correlated than others. Another apparent pattern in
Figure 5 is that likelihood topologies recover consistently higher LR values, but Figure 6
demonstrates that LR values can be higher in either parsimony or likelihood phylogenies.
The pattern in Figure 5 is only a function of how the values are plotted since certain tests
between particular character comparisons are not matched on the X –axis. Interestingly,
Figure 5 does indicate that only four tests in the two likelihood phylogenies resulted in
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LR values that are negative while numerous tests using the parsimony phylogenies were
negative. It is not clear why likelihood phylogenies do not recover negative LR values,
perhaps the data fits a likelihood model better since the topology was derived in a
likelihood framework. A positive LR value indicates that the characters fit the dependent
model of evolution better than an independent model of evolution. Therefore, the tests
completed using the likelihood topologies indicates that all characters are correlated to
some degree, just not significantly. The tests completed using the parsimony topologies
indicate that in many cases the character comparisons fit an independent model better. It
is not understood why likelihood recovers dependent evolution across every character
comparison and parsimony does not. We would expect that both phylogenetic optimality
criteria would exhibit similar patterns in LR values.
The method of pairwise comparisons (Maddison 2000) was inconsistent across
the four phylogenies tested. With 216 trials conducted in each of the four input
phylogenies, most results demonstrate that the majority of trials (165) were consistently
non-significant for most of the character comparisons. This result appears to be consistent
with the Discrete results, but there were many significant associations indicated by the
method that were not recovered by the likelihood tests. Of the trials that recovered
significant associations (51 across all of the phylogenies), only 23 trials recovered the
same result across the four phylogenies. A 45.1% measurement of consistency among
these significant results indicates that the method is sensitive to changes made in the
input phylogeny. Therefore, depending on the method used to estimate the phylogeny,
use of pairwise comparisons will return results that are extremely dependent on the
topology and will likely change with a change in topology. This is disturbing when

308

noting the diversity of phylogenetic estimation methods in use and the high likelihood
that only one input topology is used to make character comparisons. With 54.9% of the
51 trials recovering any combination of non-significance and significance across the four
phylogenies, no single phylogeny appears to be the cause of inconsistency. If a single
method always recovered a different answer then the other three phylogenies, cause for
inconsistency could be attributed to a problematic phylogenetic estimation.
Unfortunately, we see that the cause for inconsistency is evident in any of the four
phylogenies for a particular trial. Results derived from pairwise comparisons performed
with only a single input phylogeny are not trustable because changing position of the taxa
could impose impact on the conclusions drawn from the tests. Further, inconsistency does
not appear to be limited to differences between phylogenies derived from different
phylogenetic optimality criteria. We could assume that phylogenies recovered using
similar optimality criteria are more similar in topologies and may recover more consistent
answers as a result, but we see that the greatest levels of trial consistency is between
phylogenies estimated with direct optimization and partitioned Bayesian techniques.
Therefore, even correcting for concerns about dependence on particular phylogenetic
estimates by using alternate optimality criteria does not correct for the inconsistency of
significant results. There does not appear to be any clear corrective measure to account
for differences in topological input because inconsistency of the method is independent of
phylogenetic estimation method.
Possibly of greater importance then the patterns of inconsistency for pairwise
comparisons, is the conclusive power that the method has for those trials recovered as
consistent across the four input phylogenies. Because many, if not thousands of pairings
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are possible for each pairwise comparison conducted depending on the pairing criteria
employed, some may be significant while others are not. The resulting p-value range can
be interpreted as the character pairs being possibly correlated or not. This result is not
conclusive and should not be represented as such for inferring any biological trends.
Therefore, consistency across phylogenetic input with such results may indicate that the
characters being compared are correlated but cannot be determined conclusively.
Unfortunately, a staggering 78.2% of the consistent results were inconclusively
significant. This means that of all trials conducted in the method across all character
comparison and phylogenetic input, only 2.3% of the results were consistently conclusive
for correlated significance. How trustable are these conclusions? The level of
inconsistency would indicate that these results are not very trustable. Maybe the fact that
these trials are found consistent and conclusive points to their real correlation. In fact,
these same character comparisons are found to be significantly correlated by the two
other methods investigated (discussed below). Could this inconclusiveness be an
advantage to the method because it has the ability to recover a conservative estimate of
the actual significance of correlation? We contend that the inconsistency of the
establishment of significance erases any ability for the method to be a conservative
estimate of significance.
The limitations of implementation of the concentrated changes test (Maddison
1990) in MacClade 4.0 (Maddison and Maddison 2000) prevented the investigation of the
method across all none character comparisons. The manual calculation requirements
inhibited the larger scale investigation that was completed in the other two methods. The
96 concentrated changes tests took nearly the same amount of time to implement as the
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876 trials completed for pairwise comparisons and the 1,440 runs completed in Discrete
for likelihood correlation tests. The dependence of the method on manual calculations of
gains and losses and co-occurring gains and losses inhibits the tests ability to investigate
directional correlated evolution across a larger morphological dataset. By selecting the
four characters that were indicated by the other two methods as having significant
association, we could investigate the limited consistency of results and determine the
dependence of the method on ancestral state optimizations for characters that are
purportedly strongly correlated.
Because the concentrate changes method is very sensitive to number of branches
resolved for a particular character state in either the independent or dependent character,
the placement of taxa with the states of interest will influence the optimization of states at
all higher nodes and therefore influence the number of branches recovered for a particular
state. Therefore, all tests were completed under ACCTRAN and DELTRAN ancestral
state optimization to investigate the consistency across the four phylogenies while also
looking at the influence of character optimization on subsequent method consistency and
conclusions. We can conclude that the method recovers results that are more consistent
than the pairwise comparison test but not as trustable as the likelihood test. Both
ACCTRAN and DELTRAN optimizations recovered significance across all four input
phylogenies in over 50% of the tests conducted. Since the four characters were indicated
as being significantly correlated by other methods, we would have expected that a higher
percentage of significance would be recovered by the test. Perhaps, indicative of the
method’s sensitivity to number of branches being resolved as a particular character,
ACCTRAN recovered a higher percentage (62.5%) of results that were significant
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compared to DELTRAN (54.2%) across the four input phylogenies. Since ACCTRAN
ancestral state optimization increases the number of branches resolved for the state of
interest by shifting state changes to deeper positions on the topology for equivocal
branches, it is not surprising that the concentrated changes test with fast optimization
would return more significant results. This dependence on ancestral states and the
methods assumption that these states are known is the primary reasoning behind
simultaneous testing for all possible states at any particular node in likelihood character
correlation tests. Figure 7a-f provides two examples of changes of significance resulting
from differing ancestral state optimizations. It is evident that the optimization differences
seen between Figure7a/7b and Figure 7d/7e changes the number of branches exhibiting
the state of interest. By conducting a concentrated changes test on these character
optimizations with another character Figure 7c and 7f we can have greater co-occurrence
of character state changes when there are more branches recovered under ACCTRAN
optimization. Further, it was demonstrated that changing the ancestral state optimization
criteria can influence directional testing. If significance is always recovered in any
particular character comparison when both characters are treated as the independent
variable we cannot detect the directionality of the relationship. By changing the
optimization method, directionality may be discovered, but this cannot be considered a
trustworthy result because we do not know which optimization is preferable. Therefore,
results of the concentrated tests that differ between methods of optimization are not
trustworthy and should not determine conclusions since the true ancestral state
optimization is not known.
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The concentrated changes method’s consistency for determination of significance
across the four input phylogenies was 50% for both optimization criteria. The method
was less sensitive to topological changes than the pairwise comparison test, but much
more sensitive than testing through likelihood (Discrete). The method appears to be more
sensitive to differences in input phylogenies then to changes in ancestral state
optimization (ACCTRAN vs. DELTRAN). Only 12% of all tests changed in significance
when implemented under differing optimizations. We would conclude that optimization
may not be as important to conclusive power as is input phylogeny. However,
optimization differences are only applicable to characters that have ambiguous ancestral
state inference. Since many of the characters were unambiguously optimized, the 12% of
tests showing changes in significance includes those that do not change optimization
under differing methods. Further, it is possible to test for significance with one character
optimized under ACCTRAN and the other optimized under DELTRAN. We did not
conduct these comparisons because it is clearly demonstrated that even when comparing
a character with unambiguous optimizations with an ambiguously optimized character
differences in significance are prevalent. It does appear that certain input topologies can
be more influenced by ancestral state optimization. Test completed with the maximum
parsimony phylogeny under the two optimizations resulted in changes of significance in
half of the tests. The other phylogenies were not nearly as impacted by changes in
optimization. The reasoning for the greater influence on a particular topology is most
likely the result of taxon placement and subsequent implications for ancestral state
reconstruction. Some topologies are more prone to these changes simply because they
recover certain relationships between taxa with the state of interest. This also indicates
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the methods sensitivity to input phylogeny. Results from the concentrated changes test
should be consistent across phylogeny and ancestral state optimization to ensure that
conclusions are robust to such changes. Unfortunately, very few of these consistent
results exist indicating the methods conclusive weakness and sensitivity to changes in
upstream estimates.
Evolutionary models are often regarded as superior in handling inference of
phylogenetic relationships, character correlation, and ancestral state reconstruction. This
belief may have merit at some levels, but here we treat evolutionary modeling and
associated benefits and disadvantages strictly in the framework of discrete character
correlation. We narrow our scope regarding evolutionary modeling because character
correlation studies are special circumstances and require an atypical treatment of data to
suit statistical demands. The assumptions and theory of statistical correlation tests
dissociate the methods from familiar phylogenetic parsimony theory. For example, it has
long been suggested that parsimony is an optimality criteria based on implicit
assumptions while maximum likelihood is based on explicit assumptions. Unfortunately,
this statement is often made in disregard to the fact that cladistic theory does not depend
on the same set of assumptions that likelihood models employ; instead cladistics is based
entirely upon nested character signals that make statements of synapomorphy. Only after
multiple characters are considered simultaneously can conclusions about character
relationships be formulated. How can assumptions be made, implicit or explicit, about the
evolution of characters when evolution itself is not even a necessary assumption of
cladistic theory (Brower 2000)? The method is not under the same assumption based
restrictions as evolutionary models because a cladogram is not making conclusions about
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evolutionary rates and/or distance of divergence, just relationships between characters
and taxa. It is only when additional parameters and assumptions are added to the
parsimony optimality criterion does it begin to appear as an evolutionary model, be it a
simple one. With these additional parameters, parsimony incorporates evolutionary
character change into the mix and subsequently makes assumptions implicitly. Even
though this argument is most applicable to the theory involved with reconstructing
phylogenies, it is important to understand that parsimony is often not quite what it seems,
but just simplified evolutionary models, making statements of identity (equal cost matrix
of transitions:transversions:gaps) or slightly divergent from identity, being implemented
through parsimony methods of tree reconstruction. Parsimony analysis that begins to
incorporate these parameters is subsequently subject to making the same assumptions as
more complex evolutionary models. Parsimony based ancestral state optimization and
character correlation analysis are not equipped to handle the required assumptions for
properly determining the evolutionary progression of a character across a phylogeny. If
parsimony based character correlation analyses are making assumptions about the
evolution of characters and these subsequent models are overly simple, than we cannot
expect that such simple models will remotely reflect the reality of character evolution.
Harvey and Pagel (1991) state that the methods presented by Ridley (1983) and
Maddison (1990) are simple evolutionary models with fewer parameters. We contend that
if one decides to make assumptions, an inevitable event in correlation analysis, than one
should make appropriate assumptions through methods more accurately designed to
represent the evolution of a character. Parameters of character evolution estimated from
the data in conjunction with independent phylogenetic information adds additional power

315

of evolutionary inference because legitimate character parameter estimates are
incorporated in the analysis. We argue that statistical modeling is the most valid form of
studying the correlation of morphological characters on an independent phylogenetic
estimation.
We conclude that the best method for conducting character correlation analysis
should be based in a likelihood framework where specific hypotheses can be tested and
all possibilities are accounted for. The consistency of such a method (Discrete) appears to
indicate that it is robust to upstream changes in estimates (alignment, topology, ancestral
state assignments). The less sensitive a method is to changes in phylogeny the
trustworthy are its conclusions. We contend that a method should be robust to
phylogenetic changes since most researchers will use only one phylogeny to test
correlation. Further, the method may be adjusted to be more or less conservative in
establishing significance by adjusting the threshold of likelihood ratio significance.
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Figure 1- Example of phylogenetic non-independence adapted from Felsenstein (1985).
a) scatter plot of two continuous variables b) simultaneously branching topology c) three
taxon grouping topology d) scatter plot for three taxon grouping showing groups are
more similar to each other than any is to a taxon outside the grouping e) topology
showing two independent groups of taxon radiation f) apparent plot of characters for
figure 1e if no observation of phylogeny is made g) real plot of character values with
each radiation labeled as separate character.

Figure 2- Taxon sampling distribution across the full Mantodean analysis. Branches
colored in red are those selected for inclusion into our current sampling. Ingroups were
selected from the enlarge clade of ‘ambush’ mantids. The four outgroups were selected
from positions outside the enlarged clade from the main topology.

Figure 3- Phylogenetic trees with branch support labeled on topologies (square =
bootstrap > 70, circle = bremer values > 3). a) Maximum Likelihood topology
(likelihood: -33382.10074, CI= 0.3718, RI= 0.3672) b) Partitioned Bayesian Topology
(posterior probabilities represented in place of bootstrap values; likelihood: -31836.663,
CI= 0.3713, RI= 0.3656) c) Maximum Parsimony topology (length- 5548, CI= 0.3747,
RI= 0.3750) d) Direct Optimization toplogy (length- 5645, CI= 0.4677, RI= 0.4643).
Phylogenetic trees colored by Mantodea family (yellow- Empusidae, green- Mantidae,
red- Hymenopodidae, light blue- Sibyllidae and blue- outgroups).
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Figure 4- Majority rule consensus topology of maximum parsimony, direct optimization,
maximum likelihood and partitioned Bayesian analyses. Terminals are labeled with the
state presence for the ten binary morphological characters (white box = state 0, black box
= state 1). Branches are color labeled by family of Mantodea (yellow- Empusidae, greenMantidae, red- Hymenopodidae, light blue- Sibyllidae and blue- outgroups).

Figure 5- Likelihood ratio statistics from Discrete analysis plotted by value and sorted
from least to greatest across the trials. LR values sorted into four categories by color
based on phylogenetic analysis. LR values are not paired by test number. Threshold of
significance indicated by horizontal red line.

Figure 6- Likelihood ratio statistic values from Discrete analysis sorted by character
combination and phylogeny to indicate consistency between phylogenies.

Figure 7- Character optimizations for concentrated changes test. a) Character 1 mapped
on direct optimization topology using ACCTRAN. b) Character 1 mapped on direct
optimization topology using DELTRAN. c) Character 4 unambiguously mapped on direct
optimization topology. d) Character 8 mapped on direct optimization topology using
ACCTRAN. e) Character 8 mapped on direct optimization topology using DELTRAN. f)
Character 10 unambiguously mapped on partitioned Bayesian topology.
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Table 1- Comparison matrix between nine binary morphological characters for Discrete analysis
(Pagel 1994). Average values LR statistics (Likelihood Ratio statistic) and likelihood values for
independent and dependent models of evolution implemented in Discrete for 10 replicates are
shown for all four input phylogenies (indicated by background color). Significant and near
significant LR values indicated by red highlight. Character 2 removed from matrix because it is
identical to character 1.
Character 1 Character 3 Character 4
Independent
Character Dependant
1
L-Ratio
Independent
Character Dependant
3
L-Ratio
Independent
Character Dependant
4
L-Ratio
Independent
Character Dependant
5
L-Ratio
Independent
Character Dependant
6
L-Ratio
Independent
Character Dependant
7
L-Ratio
Independent
Character Dependant
8
L-Ratio
Independent
Character Dependant
9
L-Ratio
Independent
Character Dependant
10
L-Ratio
Independent
Character Dependant
1
L-Ratio
Independent
Character Dependant
3
L-Ratio
Independent
Character Dependant
4
L-Ratio
Independent
Character Dependant
5
L-Ratio
Independent
Character Dependant
6
L-Ratio
Independent
Character Dependant
7
L-Ratio
Independent
Character Dependant
8
L-Ratio
Independent
Character Dependant
9
L-Ratio
Independent
Character Dependant
10
L-Ratio

-43.2920
-37.7481
5.5439
-43.1267
-37.6308
5.4959
-45.0528
-31.9668
13.0860
-33.8026
-30.9016
2.9011
-42.9985
-41.7095
1.2890
-38.7849
-33.1865
5.5984
-47.9326
-37.8754
10.0572
-48.1939
-46.6725
1.5214
-42.2041
-35.5717
6.6324

-43.6216
-39.4796
4.1420
-46.8911
-32.5852
14.3059
-33.3762
-30.8978
2.4784
-43.5446
-42.0064
1.5382
-39.1908
-33.1814
6.0093
-48.2165
-38.2274
9.9892
-49.0031
-49.1709
-0.1678
-43.2736
-37.0748
6.1988

Maximum Likelihood
Bayesian
Direct Optimization
Maximum Parsimony
In Cell: top character dependent/top
character independaent

-41.3263
-33.5778
7.7485
-29.2205
-27.3648
1.8557
-40.3805
-36.9377
3.4428
-34.5949
-28.4874
6.1075
-43.4467
-39.8149
3.6318
-44.4674
-43.2452
1.2222
-38.4776
-35.1671
3.3105
-43.1918
-39.4316
3.7602

-41.7904
-36.3767
5.4137
-29.5336
-29.8167
-0.2832
-39.8694
-37.0987
2.7707
-35.4403
-29.5075
5.9328
-44.6171
-40.9145
3.7025
-45.1514
-45.1466
0.0048
-39.8700
-36.3761
3.4939

-44.7701
-31.3911
13.3790
-41.2784
-33.5169
7.7615

-31.1467
-28.1505
2.9961
-42.3067
-37.1832
5.1235
-36.5211
-30.3769
6.1442
-45.3729
-38.3218
7.0511
-46.3936
-44.9989
1.3947
-40.4038
-31.8294
8.5744
-47.6669
-33.2009
14.4659
-42.6979
-37.5591
5.1388

-32.1099
-31.5976
0.5122
-41.0647
-40.4931
0.5716
-38.0467
-33.1755
4.8712
-48.8119
-39.3140
9.4979
-48.5009
-48.8888
-0.3879
-43.9773
-34.1369
9.8404

Character 1 and
Character 2
-46.7836904
-26.1962513
20.5874391

Character Character Character Character Character Character
5
6
7
8
9
10
-32.4172 -44.2517 -38.3174 -47.2325 -48.5103 -40.4399
-28.7091 -39.1562 -31.5309 -38.7264 -46.5517 -33.7897
3.7081
5.0955
6.7864
8.5061
1.9586
6.6502
-28.9255 -40.7600 -34.8257 -43.7409 -45.0186 -36.9492
-27.6424 -37.1202 -28.5377 -40.1805 -43.7566 -34.2849
1.2832
3.6398
6.2880
3.5604
1.2620
2.6643
-30.4037 -42.2381 -36.3038 -45.2190 -46.4967 -38.4263
-27.6214 -36.5099 -30.3726 -38.5658 -45.2235 -29.7408
2.7823
5.7282
5.9312
6.6531
1.2733
8.6856
-29.8852 -23.9509 -32.8661 -34.1438 -26.0734
-24.1668 -23.3234 -29.9543 -31.4767 -21.5385
5.7185
0.6275
2.9118
2.6672
4.5349
-30.2009
-35.7854 -44.7005 -45.9783 -37.9081
-24.9385
-34.2275 -39.8686 -42.1925 -33.1001
5.2624
1.5579
4.8319
3.7859
4.8080
-24.4153 -35.5753
-38.7662 -40.0440 -31.9736
-23.7163 -34.2745
-37.7356 -39.3685 -30.3341
0.6989
1.3008
1.0306
0.6755
1.6395
-33.2671 -44.4271 -38.6415
-48.9592 -40.8887
-29.9496 -40.7846 -37.5362
-42.2742 -34.8975
3.3175
3.6424
1.1053
6.6849
5.9912
-34.2877 -45.4477 -39.6622 -48.5140
-42.1667
-31.8006 -42.7358 -39.0752 -41.6717
-39.4035
2.4871
2.7119
0.5869
6.8422
2.7632
-28.2980 -39.4580 -33.6724 -42.5242 -43.5449
-23.2564 -34.5348 -31.6639 -36.7053 -41.0827
5.0416
4.9232
2.0085
5.8189
2.4621
-33.2339 -43.2624 -38.3768 -47.7708 -48.5728 -43.1852
-30.6571 -42.2245 -33.1857 -38.6938 -49.4065 -35.8322
2.5768
1.0380
5.1911
8.9344
-0.8337
7.3530
-29.6541 -39.8001 -34.9574 -44.5178 -45.1874 -39.7956
-29.7207 -37.1472 -29.5728 -41.5872 -45.1253 -36.8962
-0.0666
2.6529
5.3846
2.9306
0.0621
2.8994
-32.7484 -40.1328 -37.6332 -48.2682 -47.0904 -42.6442
-31.6014 -40.3146 -34.1998 -38.8181 -49.2889 -33.3025
1.1470
-0.1818
3.4335
9.4500
-2.1986
9.3417
-29.8525 -25.6220 -34.4990 -35.1736 -29.5335
-25.1350 -24.9092 -32.2000 -33.3553 -24.9317
4.7175
0.7128
2.2989
1.8183
4.6017
-29.5024
-33.8887 -44.0063 -45.3525 -39.5595
-25.1455
-34.7871 -43.6474 -43.8109 -37.2210
4.3569
-0.8985
0.3589
1.5415
2.3385
-25.1794 -35.4769
-39.4569 -39.3697 -34.4201
-24.9633 -34.7892
-39.2647 -40.8281 -33.8258
0.2161
0.6876
0.1922
-1.4584
0.5942
-34.2673 -44.5077 -40.1548
-49.1277 -43.3429
-32.0970 -43.6761 -39.6604
-48.8456 -39.1979
2.1703
0.8316
0.4943
0.2821
4.1450
-34.8043 -45.1887 -40.6207 -49.2649
-44.6739
-33.3518 -44.1182 -41.1668 -49.1583
-45.6101
1.4525
1.0705
-0.5462
0.1066
-0.9362
-29.2919 -39.3139 -34.7196 -43.3854 -44.3102
-25.1445 -37.2320 -34.3423 -38.2159 -45.3402
4.1474
2.0819
0.3773
5.1695
-1.0300
Character 1 and
Character 2
-46.8531376
-28.7498442
18.1032934
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Character 1 and
Character 2
-47.1849613
-22.9789153
24.2060460

Character 1 and
Character 2
-47.5266461
-22.6287176
24.8979285

Table 2- Comparison matrix between nine binary morphological characters for Pairwise
Comparison Test analysis (Maddison 2000). For all three pairing criteria non-significance is
indicated by a N, inconclusive significance is indicated by a ?, and conclusive significance is
indicated by a Y. Red highlights indicate morphological character comparisons that resulted in
either a Y or a ?.
MAX
Character Pairs for 1
1
Pairs for 2
MAX
Character Pairs for 1
3
Pairs for 2
MAX
Character Pairs for 1
4
Pairs for 2
MAX
Character Pairs for 1
5
Pairs for 2
MAX
Character Pairs for 1
6
Pairs for 2
MAX
Character Pairs for 1
7
Pairs for 2
MAX
Character Pairs for 1
8
Pairs for 2
MAX
Character Pairs for 1
9
Pairs for 2
MAX
Character Pairs for 1
10
Pairs for 2
MAX
Character Pairs for 1
1
Pairs for 2
MAX
Character Pairs for 1
3
Pairs for 2
MAX
Character Pairs for 1
4
Pairs for 2
MAX
Character Pairs for 1
5
Pairs for 2
MAX
Character Pairs for 1
6
Pairs for 2
MAX
Character Pairs for 1
7
Pairs for 2
MAX
Character Pairs for 1
8
Pairs for 2
MAX
Character Pairs for 1
9
Pairs for 2
MAX
Character Pairs for 1
10
Pairs for 2

Character Character Character Character Character Character Character Character Character
1
3
4
5
6
7
8
9
10
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
Y/?
N/N
N/N
?/?
?/?
N/?
N/N
N/N
?/?
N/N
N/N
Y/Y
?/?
N/N
N/N
N/?
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
Y/Y
N/N
N/N
N/N
Y/?
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/Y
N/N
N/N
N/?
N/N
?/?
?/N
?/?
?/?
N/N
N/N
N/N
N/N
N/N
?/?
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/?
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/?
?/N
N/N
N/N
N/N
N/N
N/N
N/N
Y/Y
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/?
N/N
?/?
N/N
N/N
N/N
?/?
N/N
?/?
N/N
N/N
N/N
N/N
N/N
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
N/N
Y/Y
N/N
?/N
N/N
?/?
N/N
N/N
N/N
?/?
N/N
N/N
N/N
?/?
N/N
N/N
N/N
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/N
N/N
?/?
N/N
N/N
N/N
N/N
N/N
N/N
N/N
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
Y/Y
N/N
N/N
N/N
Y/Y
N/N
N/N
?/N
Y/?
N/N
N/N
?/?
?/?
N/N
?/N
N/N
?/?
N/N
N/N
Y/Y
?/?
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/?
N/N
N/N
N/N
N/?
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/Y
N/N
N/N
N/N
N/N
?/?
?/?
?/?
?/?
N/N
N/N
N/N
N/N
N/N
?/?
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/?
?/N
?/N
N/N
N/N
N/N
N/N
N/N
Y/Y
?/?
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
Y/Y
Y/N
?/?
N/N
?/?
N/N
N/N
N/N
?/?
?/N
?/?
N/N
N/N
N/N
N/N
N/N
?/?
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/N
N/N
?/?
N/N
N/N
N/N
?/?
N/N
N/N
N/N
?/?
N/N
N/N
N/N
Y/Y
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
N/N
?/N
N/N
?/?
N/N
N/N
N/N
N/N
N/N
N/N
N/N
Y/Y
N/N
N/N
N/N
N/N
N/N

Maximum Likelihood
Bayesian
Direct Optimization
Maximum Parsimony
In Cell: top character dependent/top
character independaent

Character 1 and
Character 2
0.0625000
0.0019532
0.0019532

Character 1 and
Character 2
0.0039063
0.0019532
0.0019532
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Character 1 and
Character 2

Character 1 and
Character 2

0.0039063
0.0019532
0.0019532

0.0156250
0.0019532
0.0019532

Table 3- Comparison matrix between four binary morphological characters for Concentrated
Changes Test analysis (Maddison 1990).
Character 1
ACCTRAN DELTRAN
Character 1
Character 4
Character 8
Character 10
Character 1
Character 4
Character 8
Character 10

Independent
Dependent
Independent
Dependent
Independent
Dependent
Independent
Dependent
Independent
Dependent
Independent
Dependent
Independent
Dependent
Independent
Dependent

0.008700
0.001218
0.003100
0.027500
0.127100
0.000700
0.055500
0.001855
0.006600
0.078000
0.057300
0.036500

Maximum Likelihood
Bayesian

0.056300
0.001566
0.051100
0.043800
0.043000
0.018900
0.055800
0.001855
0.017000
0.008800
0.058100
0.002200

Character 4
ACCTRAN DELTRAN
0.002186
0.060031
0.001500
0.000600
0.114713
0.128600
0.041736
0.042100
0.005300
0.045400

0.114713
0.130400
0.036050
0.001300
0.001693
0.057600

0.018602
0.123200
0.045320
0.001900

0.071856
0.065600
0.042535
0.002500

Direct Optimization
Maximum Parsimony
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Character 8
ACCTRAN DELTRAN
0.021400
0.082700
0.001600
0.009100
0.114200
0.117000
0.116240
0.116240
0.279000
0.021200
0.084300
0.006400
0.116500
0.010700

0.309100
0.024400
0.058200
0.130400
0.141500
0.121605

0.185900
0.034800

0.361700
0.009500

Character 10
ACCTRAN DELTRAN
0.030100
0.020400
0.045300
0.049000
0.003800
0.004100
0.038592
0.038592
0.058200
0.059800
0.276800
0.282100
0.018900
0.187300
0.000580
0.119300
0.012100
0.081300

0.008900
0.029800
0.000700
0.030439
0.012200
0.264300
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Figure 4

1 2 3 4 5 6 7 8 9 10

Oligonicella sp.
Eremiaphila rotundipennis
Mantoida sp.
Angela sp.

Mantis religiosa
Statilia maculata

100

Gongylus gongylodes
Empusa sp.
Phyllocrania paradoxa

100

100
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APPENDIX
Character 1: Cuticular expansion on ventral hind margin of mesothoracic femur. Leg
lobes are present typically on apical portion of the femur only, but can stretch proximally
along the margin of the leg depending on the size and structure of the log. Always with
cuticular expansion on the apical portion of the femur. Refer to Image 1a and b
0-absent

1- present

Character 2: Cuticular expansion on ventral hind margin of metathoracic femur. Leg
lobes are present typically on apical portion of the femur only, but can stretch proximally
along the margin of the leg depending on the size and structure of the log. Always with
cuticular expansion on the apical portion of the femur. As seen in character 1, but on hind
leg of the organism. Refer to Image 2a and b
0-absent

1- present
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Character 3: Cuticular expansion of dorsal margin of pro-femur. Expanded into blade
from top of raptorial femur and extends entire length of femur. Expansion typically
begins at proximal edge of femur and extends to the distal edge. Lobe appears variable in
depth from apex of curve to femur margin, but if present, always thin. Refer to Image 3a
and b
0-absent

1- present

Character 4: Cuticular expansion on head forming a process on the vertex of the head.
Process appears to attain varying shaped across Mantodea. Can be associated with ocelli.
Some occurrences, spine is not highly developed, but presence is determined only by
whether cuticular expansion is present, no matter the size. Refer to Image 4a and b
0-absent

1- present
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Character 5: Compound eye shape. 0- Eyes round or bulging, not producing a cone
shape; 1- Eyes shaped dorsally into cone shape. Sometimes eyes produce a spine or spike
from apex of cone. Not as seen on some varieties of grass mantids that exhibit elongated
eyes along the margins of an elongated head. Refer to Image 5a and b
0-round eyes

1-coned eyes

Character 6: Lateral cuticular expansions of prothoracic prozone and metazone.
Marginal coxal bulge swallowed by lateral cuticular lobes and no longer visible in
original form. Lateral expansions can attain leaflike appearance, but most occurrences
simply break profile of prothorax. Refer to Images 6a through 6c
0-absent

1-present
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Character 7: Cuticular lateral expansion on abdominal tergal and sternal schlerites.
Lateral expansions are irregular in shape in all cases and appear to be directed at breaking
symmetry of organism. Can extend beyond folded wing margins. Refer to Image 7a and b
0-absent

1-present

Character 8: Metathoracic femur length. 0- 1/4 or greater than length of the body (wing
tip to apex of head); 1- less than 1/4 length of the body. Leg length reduction compared to
body size and overall profile are factors to determine state. Refer to Image 8a and b
0-absent

1-present

Character 9: Lateral margin of pronotum with serration, spines, or tubricles. Pattern
broken by armorment on lateral edge of pronotum.
0-absent

1-present
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Character 10: Eyes rising above the vertex of head. Central margin and eyes are often
separated by deep emmargination. The head takes on the shape of a W when viewed from
anterior aspect.
0-absent

1-present
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Phylogeny of Mantodea based on molecular data:
evolution of a charismatic predator
G A V I N J . S V E N S O N and M I C H A E L F . W H I T I N G
Department of Integrative Biology, Brigham Young University, Provo, Utah, U.S.A.

Abstract. The previously unknown phylogenetic relationships among Mantodea
(praying mantids) were inferred from DNA sequence data. Five genes (16S rDNA,
18S rDNA, 28S rDNA, cytochrome oxidase II and histone 3) were sequenced for
sixty-three taxa representing major mantid lineages and outgroups. The monophyly of mantid families and subfamilies was tested under varying parameter
settings using parsimony and Bayesian analyses. The analyses revealed the paraphyly of Hymenopodidae, Iridopterygidae, Mantidae, and Thespidae and the
monophyly of the Amorphoscelidae subfamily Paraoxypilinae. All represented
subfamilies of Iridopterygidae and Mantidae appear paraphyletic. Mantoididae
is sister group to the rest of the sampled mantid taxa. Lineages congruent
with current subfamilial taxonomy include Paraoxypilinae, Hoplocoryphinae,
Hymenopodinae, Acromantinae and Oligonicinae. The mantid hunting strategy
is defined as either generalist, cursorial or ambush predators. By mapping hunting
strategy onto our phylogeny, we reconstructed the ancestral predatory condition
as generalist hunting, with three independent shifts to cursorial hunting and one
shift to ambush hunting, associated with the largest radiation of mantid species.
Introduction

possess metallic coloration (Mukherjee et al., 1995). Species
of Hymenopus, otherwise known as orchid mantids, are some
of the most remarkably camouflaged insects. Besides mimicking ants and flowers, mantids may also resemble brown or
green leaves, twigs, tree bark, grass, or have cryptic coloration
to hide on the forest floor.
The monophyly of Mantodea is well supported by the
presence of raptorial forelegs, a well-defined postclypeus,
femoral brush, lamella system, the loss of one denticle in the
gizzard and abdominal neuromeres II and III fused to the
complex of neuromeres in thoracic segment III and abdominal segment I (Klass, 1998, 1999; Roy, 1999). Although it is
clear that Mantodea and the orders Blattaria (cockroaches)
and Isoptera (termites) form a monophyletic group, called
Blattopteroidea by Hennig (1981) but generally known as
Dictyoptera (Kevan, 1977; Richards & Davies, 1977), the
relationship between mantids and these other orders has
been controversial. A review by Eggleton (2001) outlined
the main hypotheses based on molecular and morphological
analysis: (1) Mantodea þ (Isoptera þ Blattaria) (Kristensen,
1995); (2) Isoptera þ (Mantodea þ Blattaria) (Thorne &
Carpenter, 1992; Wheeler et al., 2001); and (3) Mantodea þ (Blattaria þ (Cryptocercus þ Isoptera)) (Maekawa et al.,
1999; Klass, 2000; Lo et al., 2000; Terry et al., in preparation).
This last hypothesis, which places the subsocial cryptocercid
cockroaches as sister group to termites, has received the
most support in recent analyses.

Comprising 2300 described species distributed in 434 genera
(Ehrmann, 2002), Mantodea is a predatory insect group,
the members of which occupy a diverse array of widely
distributed habitats (Hurd, 1999). Some groups live in
dense tropical rainforests distributed around the equator,
whereas others reside in arid forests and deserts from Africa
to Australia. Mantids show considerable diversification in
morphology, hunting strategy and habitat specialization.
Despite considerable popularity and their consistent presence in the history of humanity (Prete & Wolfe, 1992),
praying mantids have received surprisingly little attention
from a phylogenetic or evolutionary standpoint.
With extensive morphological variation, many groups are
remarkable in appearance. For example, the arid-dwelling
family Eremiaphilidae have reduced wings and elongated
legs suitable to their cursorial lifestyles. Females and nymphs
of Nesoxypilus, a genus of Amorphoscelidae, resemble and live
among terrestrial foraging ants (Rhytidoponera) in Australia
(Milledge, 1990). Metallyticus is the only mantid group to
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Hunting strategies vary greatly among mantids, and the
precise hunting style a mantid species employs may depend
on habitat selection, geographical location and/or phylogenetic constraints. For example, cursorial mantids actively
run on the ground intercepting prey items (Milledge, 1990;
Balderson, 1991). Open forest floors and desert habitats are
conducive to this strategy, and subsequently most cursorial
mantids employ active hunting. Alternatively, the majority
of arboreal mantids are ambush predators (Matsura &
Inoue, 1999). The chaotic nature of vegetation prevents
arboreal mantids from actively pursuing their prey; so waiting for prey items to approach suits an environment that
restricts fast locomotion.
Some mantids fit neither ambush nor cursorial lifestyles,
but exhibit a wider range of habitat utilization and a more
opportunistic hunting strategy. Mantid species which use
both ambush and cursorial strategies are generalist mantids.
For example, members of the family Iridopterygidae occur
on open tree trunks, bare branches, twigs and sometimes on
the ground and are generalist predators. Likewise, species of
Bolbe (Haplomantinae) are found in trees where they may
ambush or pursue prey, but in many instances were
observed running on open ground far from any trees. Mantids strictly living and actively hunting on the ground will be
referred to as ‘cursorial’, mantids living in vegetation
(bushes, trees, grass) and strictly ambushing prey will be
referred to as ‘ambush’, and mantids utilizing both cursorial
and ambush lifestyles will be referred to as ‘generalists’.
The three main classes of hunting strategy exhibited by
mantids have never been investigated from a phylogenetic
standpoint to determine whether these strategies are phylogenetically constrained or evolutionary labile. For instance,
what is the ancestral hunting strategy? Are ambush mantids
derived from cursorial mantids or from more generalist
mantids? By addressing hunting strategies in a phylogenetic
context we attempt to provide insight into the evolution of
mantid predation.
This work presents the first formal phylogeny of Mantodea based on a quantitative analysis of character data.
A robust phylogeny based on molecular data allows us to:
(1) test the monophyly of mantid families and subfamilies;
(2) evaluate the classification scheme of Ehrmann (2002)
based on this phylogeny, and (3) evaluate phylogenetic
patterns of mantid hunting strategies.

Early taxonomic work completed on Mantodea by
Beier (1964, 1968) established eight families (Chaeteessidae,
Mantoididae, Metallyticidae, Amorphoscelidae, Eremiaphilidae, Hymenopodidae, Empusidae, and Mantidae)
and twenty-eight subfamilies, of which twenty-one are
included in the largest family Mantidae. The ambiguous
grouping of subfamilies in Mantidae and alternative
interpretations of taxonomic characters have subsequently spurred several reorganizations, most notably by
Roy (1987) and Wang (1993). A new taxonomic scheme
proposed by Ehrmann (2002) elevated several mantid
subfamilies to familial rank and reorganized the positions
of many genera to create a new classification composed of
fifteen families and forty-eight subfamilies. In particular,
the mantid subfamilies Iridopteryginae, Thespinae, Sibyllinae, Toxoderinae, Liturgusinae, and Tarachodinae were
elevated to familial status. Ehrmann (2002) draws attention
to the conflict between alternative classification schemes,
indicating the confusion which exists in establishing a
natural classification for these insects. Although Ehrmann’s
revision represents the most recent statement on mantid
classification, which we follow in this study, this classification, and those which preceded it, was based on no phylogenetic framework. Our work represents the first formal
quantitative analysis of mantid phylogeny, and allows us
to test the classification scheme put forth by Ehrmann
(2002).
Previous work on mantid phylogeny was based only on
morphological characters and was untested by formal phylogenetic analysis. Beier (1968) proposed Mantoididae,
Chaeteessidae, and Metallyticidae as the ‘most basal’
families based on similar plesiomorphic character states
(e.g. wing venation; Smart, 1956). Similarly, Klass (1997)
proposed the same three families as being most basal to the
rest of Mantodea, although the study offered resolution to
the ‘basal splitting events’ among these groups. For
instance, the topology presented placed Mantoididae as
the most basal mantid family (Mantoididae þ (Chaeteessidae þ (Metallyticidae þ other Mantodea))). Additionally,
early splitting events among families of Mantodea have
been hypothesized using untested scenarios of character
evolution. For instance, one such case has been the assumption that basal mantids possess a short prothorax, with the
elongation of the thorax occurring only in the more derived
taxa (Roy, 1999). Consequently, five mantid families with a
short prothorax are grouped together as the most ‘primitive’ lineages (Chaeteessidae, Mantoididae, Amorphoscelidae, Eremiaphilidae, and Metallyticidae). Roy (1999)
proposed that prothoracic elongation progressed gradually
in different lineages with possible secondary shortening in
some groups. Roy (1999) placed the three families Mantidae
(sensu Beier, 1968), Hymenopodidae and Empusidae within
the superfamily Mantoidea, based on the presence of a
relatively elongate pronotum and a clear supracoxal enlargement. However, it is unclear whether this group and its
constituent families are monophyletic, and these hypotheses
of relationship and character evolution remain to be tested
by phylogeny.

#

Materials and methods
Outgroup exemplars include five species of Blattaria from
four families and three species of Isoptera from three
families. Fifty-five ingroup species were selected as exemplars from Mantodea, including Mantoididae (one species),
Amorphoscelidae (six species), Hymenopodidae (five species), Empusidae (one species), Liturgusidae (one species),
Iridopterygidae (ten species), Thespidae (six species) and
Mantidae (twenty-five species) (Table 1). These species
represent twenty subfamilies and forty genera. Our distribution of mantid samples is approximately proportional to the
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Table 1. List of taxa used in this analysis, with hunting strategies and GenBank accession numbers (absent sequence data are listed as NA).

Family, Subfamily

Species

16S rDNA/18S rDNA/28S rDNA/Cytochrome Oxidase II/
Histone 3

Hunting
strategy

Blaberidae
Blatellidae
Blattidae
Blattidae
Cryptocercidae
Kalotermitidae
Mastotermitidae
Termitidae
Amorphoscelidae, Paraoxypilinae
Amorphoscelidae, Paraoxypilinae
Amorphoscelidae, Paraoxypilinae
Amorphoscelidae, Paraoxypilinae
Amorphoscelidae, Paraoxypilinae
Amorphoscelidae, Paraoxypilinae
Empusidae, Empusinae
Hymenopodidae, Acromantinae
Hymenopodidae, Acromantinae
Hymenopodidae, Epaphroditidae
Hymenopodidae, Hymenopodinae
Hymenopodidae, Hymenopodinae
Iridopterygidae, Hapalomantinae
Iridopterygidae, Hapalomantinae
Iridopterygidae, Hapalomantinae
Iridopterygidae, Nanomantinae
Iridopterygidae, Nanomantinae
Iridopterygidae, Nanomantinae
Iridopterygidae, Nanomantinae
Iridopterygidae, Nanomantinae
Iridopterygidae, Tropidomatinae
Iridopterygidae, Tropidomatinae
Liturgusidae, Liturgusinae
Mantidae, Amelinae
Mantidae, Amelinae
Mantidae, Choeradodinae
Mantidae, Mantinae
Mantidae, Mantinae
Mantidae, Mantinae
Mantidae, Mellerinae
Mantidae, Orthoderinae
Mantidae, Oxyothespinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Paramantinae
Mantidae, Stagmomantinae
Mantidae, Stagmomantinae
Mantidae, Stagmomantinae
Mantidae, Vatinae
Mantidae, Vatinae
Mantoididea
Thespidae, Hoplocoryphinae
Thespidae, Hoplocoryphinae
Thespidae, Oligonicinae
Thespidae, Oligonicinae
Thespidae, Pseudomiopteriginae
Thespidae, Pseudomiopteriginae

Gromphadorhina portentosa
Supella longipalpa
Blattidae sp.1
Blattidae sp.2
Cryptocercus punctulatus
Cryptotermes sp.
Mastotermes darwinensis
Nasutitermes sp.
Paraoxypilus tasmaniensis (Saussure)
Paraoxypilus sp.2
Gyromantis sp.2
Cliomantis obscura (Hinton)
Cliomantis cornuta (Giglio-Tos)
Gyromantis occidentalis (Sjöstedt)
Gongylus gongylodes (Linné)
Acromantis sp.
Chrysomantis sp.
Phyllocrania paradoxa (Burmeister)
Hymenopus coronatus (Olivier)
Pseudocreobotra occellata (Palisot de Beauvois)
Bolbe sp.1
Bolbe sp.2
Turuchinu sp.
Calogulcinia australis (La Greca)
Ima sp.
Ima fusca (Tindale)
Calofulcinia paraoxypila (Tindale)
Fulcinia punctipes (Werner)
Chloromantis rhombica (Giglio-Tos)
Neomantis hyalina (Tindale)
Ciulfina sp.
Amantis reticulata (De Haan)
Litaneuiria minor (Scudder)
Choeradodis rhombicoltis (Latreille)
Tenodera aridifolia (Stoll)
Tenodera australasiae (Leach)
Plistospilota sp.
Melliera brevipes (Beier)
Orthodera sp.
Heterochaetula sp.
Mantis religiosa (Linné)
Archimantis sp.
Sphodromantis virdis undet. subspecies
Sphodromantis lineola (Burmeister)
Rhombodera stalii (Giglio-Tos)
Hierodula sp.2
Tamolanica tumolana (Branesik)
Tamolanica denticulata (Krauss)
Hierodula schultzei (Giglio-Tos)
Statilia apicalis (Saussure)
Statilia apicalis (Saussure)
Stagmonantis carolina (Johansson)
Stagmonantis vicina (Saussure)
Stagmonantis limbata (Hahn)
Vates pectinacornis (StöI)
Phyllovates chlorophaea (Blanchard)
Montoida schraderi (Rehn)
Hoplocorypha sp.1
Hoplocorypha sp.2
Bantia sp.1
Bantia sp.2
Anumiopteryx sp.2
Anumiopteryx sp.1

GPU17787/AY491145/AY491207/AY491266/AY491322
NA/AY491146/AY491208/NA/AY491323
NA/AY491147/AY491209/AY491267/AY491324
CPU38411/AY491148/NA/AY491268/AY491325
AY491095/AY491149/AY491210/AY491269/AY491326/
NA/AY491150/NA/NA/NA
NA/AY491151/AY491211/NA/NA
AF262618/AY491152/NA/AF189108/NA
AY491096/AY491153/AY491212/AY491270/AY491327
AY491097/AY491154/AY491213/AY491271/AY491328
AY491098/AY491155/AY491214/NA/NA
NA/AY491156/AY491215/AY491272/AY491329
AY491099/AY491157/AY491216/AY491273/AY491329
AY491100/AY491158/AY491217/AY491274/AY491331
NA/AY491159/AY491218/NA/AY491332
AY491101/AY4911601/AY491219/AY491275/AY491333
NA/AY491161/AY491220/AY491276/AY491334
NA/AY491162/AY491221/AY491227/AY491335
AY491102/AY491163/AY491222/AY491278/AY491336
AY491103/AY491164/AY491223/AY491279/AY491337
AY491104/AY491165/AY491224/AY491280/AY491338
AY491105/AY491166/AY491225/AY491281/AY491339
AY491106/AY491167/AY491226/AY491282/ AY491340
AY491107/AY491168/AY491227/AY491283/AY491341
AY491108/AY491169/AY491228/AY491284/AY491342
AY491109/AY491170/AY491229/AY491285/AY491343
AY491110/AY491171 /AY491230/AY491286/AY491344
NA/AY491172/AY491231/AY491287/AY491345
AY491111/AY491173 /AY491232/AY491288/AY491346
AY491112/AY491174/AY491233/AY491289/AY491347
AY491113/AY491175/AY491234/AY491290/AY491348
AY491114/AY491176/AY491235/AY491291/AY491349
AY491115/AY491177/AY491236/AY491292/AY491350
AY491116/AY491178/AY491237/AY491293/AY491351
AY491117/AY491179/AY491238/AY491294/AY491352
AY491118/AY491180/AY491239/AY491295/AY491353
AY491119/AY491181/AY491240/AY491296/AY491354
AY491120/AY491182/AY491241/AY491297/AY491355
AY491121/AY491183/AY491242/AY491298/AY491356
AY491122/AY491184/AY491243/AY491299/AY491357
AY491123/AY491185/AY491244/AY491300/AY491358
AY491124/AY491186/AY491245/AY491301/AY491359
AY491125/NA/NA/AY491302/NA
AY491126/AY491187/AY491246/AY491303/AY491360
AY491127/AY491188/AY491247/AY491304/AY491361
AY491128/AY491189/AY491248/AY491305/AY491362
NA/AY491190/AY491249/AY491306/AY491363
AY491129/AY491191/AY491250/AY491307/AY491364
AY491130/AY491192/AY491251/AY491308/AY491365
AY491131/AY491193/AY491252/AY491309/AY491366
AY491132/AY491194/AY491253/AY491310/AY491367
AY491133/AY491195/AY491254/AY491311/AY491368
AY491134/AY491196/AY491255/NA/AY491369
AY491135/AY491197/AY491256/AY491312/AY491370
AY491136/AY491198/AY491257/AY491313/AY491371
AY491137/AY491199/AY491258/AY491314/NA
AY491138/AY491200/AY491259/AY491315/AY491372
AY491139/AY491201/AY491260/AY491316/AY491373
AY491140/AY491202/AY491261/AY491317/AY491374
AY491141/AY491203/AY491262/AY491318/AY491375
AY491142/AY491204/AY491263/AY491319/NA
AY491143/AY491205/AY491264/AY491320/AY491376
AY491144/AY491206/AY491265/AY491321/AY491377

NA
NA
NA
NA
NA
NA
NA
NA
Generalist
Generalist
Generalist
Cursorial
Cursorial
Cursorial
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Generalist
Generalist
Cursorial
Generalist
Generalist
Generalist
Generalist
Generalist
Generalist
Generalist
Generalist
Generalist
Cursorial
Ambush
Ambush
Ambush
Generalist
Ambush
Ambush
Cursorial
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Ambush
Unknown
Cursorial
Cursorial
Generalist
Generalist
Ambush
Ambush
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were targeted for amplification and sequencing: 16S ribosomal DNA (16S rDNA, 440 bp), 18S ribosomal DNA
(18S rDNA, 1800 bp), 28S ribosomal DNA (28S rDNA,
2800 bp), histone 3 protein coding for the nucleosome
(H3, 329 bp) and cytochrome oxidase II (COII, 600 bp).
The primers and protocol utilized for 18S and 28S amplifications are given in Whiting (2002). Additional primer
sequences and amplification protocols for 16S rDNA,
COII and H3 are provided in Table 2.
DNA regions of the five targeted genes were amplified via
the polymerase chain reaction (PCR) on a DNA Engine
DYADTM, Peltier Thermal Cycler. The PCR products
were visualized using gel electrophoresis to verify amplification and contamination via negative controls. Amplicons
were purified via the Montage PCR96 Cleanup Kit (Millipore1) and cycle sequenced with ABI Prism Big Dye1
version 3 dye terminator chemistry. Sequencing reactions
were column purified with SephadexTM G-50 Medium and
fractionated with an ABI 3730xl DNA analyser. Gene
regions were sequenced with complements and sufficient
overlap with adjacent regions to ensure the accuracy of
sequence data. Sequence data were imported into
1
SEQUENCHER
4.0 (Genecodes, 1999) for nucleotide editing
and contig assembly. Missing data for Isoptera and Blattaria were augmented by four sequences downloaded from
GenBank for Mastotermes darwiniensis (16S rDNA and
COII; Thompson et al., 2000), Cryptocercus punctulatus
(16S rDNA; Kambhampati et al., 1996) and Gromphadorhina portentosa (16S rDNA; Kambhampati, 1995). Genes
were initially manually aligned in SEQUENCHER1 4.0 and
partitioned into regions at the conserved domains in order
to speed up the alignment search strategy. This resulted in
multiple gene partitions: 16S rDNA – two regions, 18S
rDNA – four regions (congruent with the G, A–D, B–C
and E–F domains of 18S), 28S rDNA – seven regions

percentage of species found in the mantid families represented in our study: Mantoididae » 0.4% of species 1.8%
of samples; Amorphoscelidae » 3.6% of species 10.9% of
samples; Hymenopodidae » 9.6% of species 9.0% of samples; Empusidae » 2.2% of species 1.8% of samples; Liturgusidae » 3% of species 2% of samples; Iridopterygidae
» 5.4% of species 18% of samples; Thespidae » 8.3% of
species 11% of samples; and Mantidae » 49% of species
45% of samples. Seven families were not included (Chaeteessidae, Eremiaphilidae, Metallyticidae, Acanthopidae,
Tarachodidae, Toxoderidae, Sibyllidae) due to difficulty in
acquiring specimens suitable for DNA extraction. These
families are relatively small groups and specific taxa have
been difficult to acquire, but efforts are underway to include
these taxa in a subsequent analysis. Two families (Chaeteessidae and Metallyticidae) necessary for inclusion in future
analyses are important given their putative plesiomorphic
morphological characters. Without the inclusion of these
two families we cannot identify the deepest/earliest branching relationships. Specimens were identified using current
taxonomic keys and the collaborative assistance of several
colleagues (see Acknowledgements). In some cases, specimens could not be identified to species and/or genera due to
the lack of thorough monographic work on mantids, and
therefore are treated as morphospecies with vouchers
retained. Mantids were classified as cursorial, ambush or
generalist hunters (Table 1) based on reports in the literature for amorphoscelids (Balderson, 1991) or field observations (remaining taxa).
Thoracic and profemoral muscle tissue was excised from
specimens preserved in 100% ethanol. DNA was extracted
using the Qiagen DNeasy (Valencia, California, U.S.A.)
protocol for animal tissue. Specimen and DNA vouchers
are deposited in the Insect Genomics Collection (IGC),
M. L. Bean Museum, Brigham Young University. Five genes

Table 2. (a) Primer sequences.
Gene

Primer

Sequence

16S

16Sa
16Sb
COII 2a
COII Flue
COII 9b
COII R-lys
HexAF
HexAR

50 50 50 50 50 50 50 50 -

COII

H3

CGC CTG TTT ATC AAA AAC AT -30
CTC CGG TTT GAA CTC AGA TCA -30
ATA GAK CWT CYC CHT TAA TAG AAC A-30
TCT AAT ATG GCA GAT TAG TGC -30
GTA CTT GCT TTC AGT CAT CTW ATG -30
GAG ACC AGT ACT TGC TTT CAG TCA TC -30
ATG GCT CGT ACC AAG CAG ACG GC -30
ATA TCC TTG GGC ATG ATG GTG AC -30

Table 2. (b) Amplification profiles.

16S
COII
H3

Hot start

Denature

Anneal

Extension

Final extend

Cycles

95 (12 min)
95 (12 min)
95 (12 min)

94 (30 s)
94 (1 min)
94 (1 min)

54 (30 s)
52 (1 min)
54 (1 min)

72 (1 min)
72 (1 min 15 s)
72 (1 min)

72 (5 min)
72 (1 min)
72 (10 min)

40
40
40

COII, cytochrome oxidase II; H3, histone 3.
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values evaluated across the parameter landscape. Additionally, we used the Incongruence Length Difference metric
(ILD; Mickevich & Farris, 1981) to measure congruence
among data partitions across the range of cost parameters
(Table 3). The combination of cost parameter values
which maximized dataset congruence by minimizing the
ILD value, was retained as the best justified parameter
values for phylogenetic estimation (Wheeler et al., 2001),
and thus underwent a more exhaustive search (100 random
additions for individual gene analyses, 1200 random
additions for the total combined analysis). The trees were
rooted to Blattaria.
Nodal support was calculated for the combined dataset.
Partitioned Bremer support values (Baker & DeSalle, 1997)
were calculated from POY’s implied alignment using TREEROT
v2b (Sorenson, 1999) and PAUP 4.0b10 (Swofford, 2002).
Although the implied alignment of POY is not intended to
be the same as a standard multiple alignment, it is
nonetheless the best estimate of a minimal cost multiple
alignment and is useful for further phylogenetic investigation. Nonparametric bootstrap values were also calculated
using the implied alignment from POY (1000 replicates, fifty
random additions per replicate, gaps treated as fifth state)
in PAUP 4.0b10.
The data were also analysed under the maximum likelihood criterion. The best fit likelihood model for the
implied alignment of the total combined dataset was determined using MODELTEST 3.06 PPC (Posada & Crandall,

(congruent with the A, B1, B2, C, D, E and F domains of
28S), COII – one region and H3 – one region. All partitioned regions were combined in the analyses.
Partitioned gene regions were analysed via direct
optimization in POY (Gladstein & Wheeler, 1997) and implemented in parallel on an IBM SP-2 supercomputer (http://
marylou.byu.edu/resources.htm) containing 316 power3
processors (375 MHz). The POY search parameters are as
follows for equivalent cost ratios ‘-fitchtrees -maxprocessors 3 -onan -onannum 1 -parallel -noleading -norandomizeoutgroup -impliedalignment -sprmaxtrees 1 -tbrmaxtrees
1 -maxtrees 5 -holdmaxtrees 50 -slop 5 -checkslop 10 buildspr -buildmaxtrees 2 -random 20 -stopat 25 -multirandom -treefuse -fuselimit 10 -fusemingroup 5 -fusemaxtrees
100 -numdriftchanges 30 -driftspr -numdriftspr 10 -drifttbr
-numdrifttbr 10 -slop 10 -checkslop 10 -molecularmatrix
111.txt -seed 1’.
Multiple cost parameters were employed to test the
sensitivity of the phylogenetic conclusions to perturbations
in parameter values. The goal of sensitivity analysis is not
to determine the ‘true’ analytical parameters per se, as
these are unknown and unknowable, but rather to test the
sensitivity of the phylogenetic conclusions to a wide range
of biologically meaningful analytical parameters. We varied
the cost ratios for gap insertion, transversion and transition
from identity to treating gaps and transversions as four
times the cost of transitions (Wheeler, 1995; Wheeler et al.,
2001). This resulted in twenty combinations of parameter

Table 3. Lengths for data partitions across twenty cost parameter sets (gap cost : transversion cost : transition cost) and Incongruence Length
Difference (ILD) values.
110

111

210

211

221

310

311

331

410

411

16S
18S
28S
Ribosomal
Ribosomal ILD
COII
H3
Total

801
282
1780
2978
0.039
1326
313
4715

1384
535
3076
5117
0.024
2854
793
8916

927
407
2554
4051
0.040
1324
313
5825

1520
671
3983
6321
0.023
2850
793
10133

2212
835
4974
8228
0.025
4230
1126
13828

1019
521
3218
4995
0.047
1324
313
6791

1615
791
4718
7337
0.029
2853
793
11175

3033
1125
6797
11225
0.024
5570
1446
18591

1109
632
3849
5860
0.046
1325
313
7680

1706
905
5411
8295
0.033
2853
793
12157

Molecular ILD

0.0452

0.0307

0.0515

0.0312

0.0326

0.0583

0.0362

0.0333

0.0589

0.0402

421

441

621

631

821

841

931

1231

1241

1641

16S
18S
28S
Ribosomal
Ribosomal ILD
COII
H3
Total

2462
1095
6647
10517
0.030
4227
1126
16133

3851
1414
8591
14240
0.027
6901
1763
23334

2666
1332
8060
12506
0.036
4227
1126
18178

3398
1512
9222
14593
0.032
5570
1446
21984

2839
1546
9387
14337
0.039
4224
1126
20055

4322
1926
11812
18672
0.033
6896
1763
27825

3684
1864
11326
17523
0.037
5567
1446
24988

3942
2189
13271
20213
0.040
5569
1446
27764

4707
2388
14588
22519
0.037
6905
1763
31827

5048
2824
17153
26091
0.041
6907
1763
35480

Molecular ILD

0.036

0.035

0.042

0.038

0.047

0.040

0.044

0.049

0.046

0.050

COII, cytochrome oxidase II; H3, histone 3.
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which is resolved as sister to Iridopterygidae þ
Liturgusidae þ Amorphoscelidae in the Bayesian analysis,
but is sister to all ingroup taxa except Mantoida schraderi,
Bantia sp. 1 & 2, and Plistospilota sp. in the combined
POY analysis (Fig. 1). The position of this taxon finds only
weak support in both maximum likelihood and parsimony.
Additionally, the Bayesian analysis resolved Choeradodis
rhombicollis as sister to Orthodera sp. The posterior probabilities calculated for the topology were 90% or greater for
forty-five of the fifty-four nodes (Fig. 1). The nodes not
supported by the Bayesian analysis are labelled as DNS
(does not support, Fig. 1).
Mantoida schraderi (Mantoididae) is strongly supported
as sister to the rest of the ingroup taxa. Direct optimization
produced a topology with basal Mantoida schraderi
supported by all genes except H3, which expressed a
minor ( 2) conflicting signal and a bootstrap of 100%.
The Bayesian analysis recovered a basal Mantoida schraderi
with a posterior probability of 100%. The monophyly of
Paraoxypilinae is supported by 18S, 28S and H3 whereas
both 16S and COII provide no support, but the placement
of Amorphoscelidae is not at the base of Mantodea as
predicted by Roy (1999), but rather is nested in a paraphyletic assemblage of Iridopterygidae and Liturgusidae.
Mantidae is a grossly paraphyletic assemblage regardless
of whether one follows the classification of Beier (1968) or
Ehrmann (2002), who raised many Mantidae subfamilies to
a familial level. In fact, a monophyletic Mantidae was found
in no sensitivity analysis. Of the seven mantid families
included in this analysis, only five had multiple exemplars,
and of these five only one (Amorphoscelidae) is potentially
monophyletic, which can be tested with the inclusion of taxa
from Amorphoscelinae and Perlamantinae in future analyses. Of the twenty subfamilies included in this analysis,
fourteen had multiple exemplars, and of these fourteen,
five are monophyletic (Hymenopodinae, Acromantinae,
Paraoxypilinae, Oligonicinae and Hoplocoryphinae).

1998). A Bayesian analysis was performed with MRBAYES
2.01 (Heulsenbeck & Ronquist, 2001) using model parameters from the calculated best fit model (generations ¼ 1 000 000). The first 80 000 generations were
treated as the burn-in and discarded.

Results
Equally weighted gaps, transitions and transversions
resulted in the minimal ILD score among datasets for all
parameters tested (0.0307; Table 3). This result is consistent
with other studies which demonstrate that for complex
datasets, treating parameter cost ratios as identity (gap
: transversion : transition ratio equals 1) in POY results in
the greatest congruence among datasets (Robertson et al.,
2004; Whiting et al., 2003). A more thorough search with
parameter values set to identity resulted in a single topology
accepted as the preferred tree for subsequent analyses and
discussion (length ¼ 8913, consistency index ¼ 0.4490,
retention index ¼ 0.5908; Fig. 1).
Sensitivity analyses were performed to test the stability of
certain nodes to variations in cost parameter values. The
results from these analyses are reported in the phylogeny
(Fig. 2). These results suggest that some of the deep level
relationships (e.g. Mantodea, clades 1 and 2) are stable
across a wide range of parameter values, whereas others
are stable only under a more narrow range. Overall, the
shallow nodes are more stable to parameter perturbations
than are the deeper nodes in the topology, suggesting that
this topology is moderately stable to fluctuations in parameter values across the landscape.
Nonparametric bootstraps and partitioned Bremer calculations show high levels of nodal support throughout the
topology. Based on Bremer and partitioned Bremer values
(Table 4), 28S rDNA expressed the majority of signal for all
nodes (48%) and provided the greatest signal for deeper
level relationships (53%) of any data partition. The majority of signal from 16S (22%) was at the inter- and intrafamilial level. Although 28S rDNA supplied sufficient
support at deeper nodes and the terminals to recover the
majority of the total combined topology, this gene alone
could not recover relationships at the tips of the tree.
Besides 28S, subfamilial and terminal relationships were
best supported by COII (19%) and similarly by 16S rDNA
(17%) and H3 (16%). Both H3 and COII provided their
best support for terminal relationships (16 and 19%,
respectively) while providing little support for deeper level
nodes (12 and 5%, respectively). 18S provided consistently
weak support throughout the topology, but was best at
recovering deeper level relationships (8%). Of fifty-four
nodes on the topology, forty-one were supported by values
of 90% or higher for the nonparametric bootstrap, indicating the relative robustness of the topology.
The Bayesian analysis resulted in a topology highly congruent with the parsimony analysis. The major incongruence between Bayesian and parsimony topologies was
caused by the inconsistent placement of Amantis reticulata,

#

Discussion
Our phylogenetic analysis of Mantodea provides insight
into the naturalness of the classification suggested by
Ehrmann (2002). Our results suggest that the majority of
families and subfamilies are paraphyletic, and that some
characters used in current mantid classification are homoplasious. For example, Roy (1999) considered Mantoididae
and Amorphoscelidae to be primitive mantid lineages based
on the short prothorax. Although the basal position of
Mantoida schraderi agrees with previous studies (Beier,
1968; Klass, 1997; Roy, 1999), the more apical placement
of Paraoxypilinae (Amorphoscelidae) contradicts Roy’s
(1999) notion that these characters indicate a primitive
mantid lineage. According to our results, the short
prothorax in Paraoxypilinae was derived secondarily,
perhaps in association with lifestyle. Therefore, prothorax
length is a homoplasious character and classifications
using this character should be considered suspect. The
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Blattidae sp.1
Gromphadorhina portentosa
Blattidae sp.2

100/-/96{11/34/60/-9/0}

Blattaria

Cryptocercus punctulatus
Supella longipalpa
Nasutitermes sp.

100/100/91{7/12/74/-2/0}
100/100/84{0/15/69/0/0}
100/100/37{0/2/35/0/0}

100/100/145{9/29/74/35/-2}

Isoptera

Cryptotermes sp.
Mastotermes darwinensis

Mantoididae

Mantoida schraderi

100/100/32{8/2/22/2/-2}

100/100/28{7/6/15/0/0}

Bantia sp.1
Bantia sp.2

100/100/27{7/4/19/-1/-2}

100/100/59{0/1/36/15/7}

Mantinae

Amantis reticulata

Amelinae

100/100/50{14/0/36/0/0}
99/DNS/12{6/0/0/6/0}
100/100/20{6/-2/16/-2/2}
99/100/13{8/1/4/0/0}

Tropidomantinae

Tarachina sp.

Hapalomantinae

Ciulfina sp.

Liturgusinae

Ima sp.2

64/DNS/4{6/0/-4/0/2}
<50/DNS/4{6/0/-4/0/2}
58/DNS/4{6/0/-4/0/2}
92/100/3{0/0/2/0/1}

Iridopterygidae

Liturgusidae

Nanomantinae

Bolbe sp.2
Bolbe sp.1

Hapalomantinae

Fulcinia punctipes

Nanomantinae

Neomantis australis

Tropidomantinae

Iridopterygidae

Paraoxypilus tasmaniensis
Paraoxypilus sp.2

95/96/12{8/0/1/2/1}
75/DNS/6{8/-1/-1/0/0}

Nanomantinae

Chloromantis rhombica

Ima fusca

98/100/16{9/0/3/5/-1}

98/96/14{0/0/12/0/2}

Mantidae

Calofulcinia australis
Calofulcinia paraoxypila

94/DNS/8{0/0/8/-2/2}

Oligonicinae

Plistospilota sp.

Thespidae

100/100/34{16/0/5/8/5}

Gyromantis sp.2

100/100/19{0/1/12/0/6}

Paraoxypilinae

Gyromantis occidentalis

80/96/7{8/0/2/-4/1}
100/100/34{0/0/29/0/5}
93/100/13{2/1/8/2/0}
55/100/5{2/0/3/-2/2}

Amorphoscelidae

Cliomantis obscura
Cliomantis sp.2
Litaneutria minor

Amelinae

Heterochaetula sp.

Vatinae

Mantidae

Hoplocorypha sp.1

100/100/113{27/1/51/25/9}
71/DNS/8{3/0/-2/3/4}

67/95/5{2/1/-1/-3/6}

100/100/17{0/0/6/3/8}

Hoplocoryphinae

Thespidae

Gongylus gongylodes

Empusinae

Empusidae

Phyllocrania paradoxa

Epaphroditinae

Hoplocorypha sp.2

Acromantis sp.
Chrysomantis sp.

68/99/5{0/-1/5/-5/6}

Acromantinae

Hymenopodidae

Hymenopus coronatus

91/100/8{1/2/5/0/0}
86/100/11{3/0/1/2/5}

Pseudocreobotra ocellata

Hymenopodinae

Mantis religiosa

100/100/26{3/4/17/1/1}

Tamolanica denticulata

<50/DNS/3{3/0/-3/3/0}
98/100/19{1/-4/17/5/0}
100/100/73{9/1/33/12/18}
91/100/14{1/1/8/0/4}

Statilia apicalis

Paramantinae

Statilia apicalis
Choeradodis rhombicollis Choeradodinae
Orthodera sp.

Orthoderinae

Rhombodera stalii

100/100/24{3/0/7/8/6}

96/100/13{1/-1/11/-3/5}

Hierodula sp.2

68/DNS/4{0/-1/3/-2/4}

98/100/10{2/0/4/2/2}
100/100/21{7/0/0/14/0}

Mantidae
Paramantinae

Hierodula schultzei
Archimantis sp.

100/100/23{3/-1/15/-4/10}
100/100/38{9/0/11/12/6}
99/100/11{2/0/5/3/1}

Tenodera aridifolia
Tenodera australasiae

Mantinae

Sphodromantis viridis

63/<50/2{-1/0/3/-2/2}
100/100/14{1/0/4/2/7}
100/100/19{2/0/10/-1/8}
99/100/14{5/1/12/-5/1}

91/100/8{1/0/8/-4/3}

Nodal Support
Nonparametric bootstrap/Posterior
Probability/Total Bremer
{partitioned Bremer:16S/18S/28S/COII/H3}

Tamolanica tamolana

Sphodromantis lineola

Paramantinae

Anamiopteryx sp.2
Anamiopteryx sp.1

Pseudomiopteriginae

Thespidae

Vates pectinacornis

92/100/7{4/0/1/1/1}

100/100/11{2/0/5/3/1}

Phyllovates chlorophaea

Vatinae

Stagmomantis vicina

100/100/17{0/0/9/3/5}
100/100/19{-1/0/8/5/7}
96/100/8{9/0/0/-1/0}

Stagmomantis limbata

Mantidae
Stagmomantinae

Stagmomantis carolina
Melliera brevipes

Mellierinae

Fig. 1. Direct optimization topology based on five genes (16S rDNA þ 18S rDNA þ 28S rDNA þ cytochrome oxidase II þ histone 3)
(length ¼ 8913, consistency index ¼ 0.4490, retention index ¼ 0.5908). This topology is largely congruent with the Bayesian analysis topology
except for nodes labelled as DNS (does not support). Nodal support is presented in terms of nonparametric bootstraps, followed by posterior
probabilities, followed by total Bremer support values. The numbers in parentheses refer to the partitioned Bremer support values given in the
order 16S/18S/28S/cytochrome oxidase II/histone 3.
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Out Group
Mantoida schraderi
Oligonicinae
Mantinae
Amelinae
Nanomantinae
Tropidomantinae
Haplomantinae
Liturgusinae

1

Nanomantinae
Nanomantinae
Haplomantinae
Haplomantinae
Nanomantinae
Tropidomantinae
Paraoxypilinae
Amelinae
Vatinae
Hoplocoryphinae
Empusinae
Epaphroditinae
Acromantinae
Hymenopodinae
Paramantinae
Choeradodinae
Orthoderinae
Paramantinae
Paramantinae

2

Mantinae

Parameter Landscape

Paramantinae

Gap/Transversion

Pseudomiopteriginae

4

4:1:1

8:2:1 12:3:1 16:4:1 4:1:0

3

3:1:1

6:2:1

2

2:1:1

4:2:1 6:3:1

1

1:1:1

2:2:1

1

2

Pseudomiopteriginae

9:3:1 12:4:1 3:1:0

Vatinae

8:4:1

2:1:0

Stagmomantinae

3:3:1 4:4:1

1:1:0

Stagmomantinae

°

Stagmomantinae

3

4

Transversion/Transition

Mellierinae

Monophyletic
Paraphyletic
Unresolved
Fig. 2. Direct optimization topology as given in Fig. 1, but with terminals combined at the subfamilial level, with parameter landscapes
depicting the results of the sensitivity analysis for deeper nodes. The landscape depicts cost parameter values for twenty parameter combinations,
with the monophyly, paraphyly or unresolved status of each node for every combination indicated on the corresponding landscape.
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Table 4. Sums of Bremer and partitioned Bremer support values across the topology in Fig. 1.
Total support

Percentage support

Nodes

Total Bremer
support

16S

18S

28S

COII

H3

16S

18S

28S

COII

H3

Ingroup
Interfamilial
Intrafamilial
Intrasubfamilial

1134
418
716
561

238
90
148
98

45
35
10
10

547
223
324
257

141
22
119
108

163
48
115
88

21
22
21
17

4
8
1
2

48
53
45
46

13
5
17
19

14
12
16
16

COII, cytochrome oxidase II; H3, histone 3.

The evolution of hunting strategy

potential plasticity of prothorax length also leads us to
believe that trends in prothorax lengthening are mostly
meaningless across the topology. Instead, accurate trends
may only be uncovered with thorough taxon sampling.
Hymenopodidae is paraphyletic due to the placement of
the empusid Gongylus gongylodes as sister to the hymenopodid Phyllocrania paradoxa. Support for this relationship
is mainly from 16S, COII and H3, whereas 28S provides a
conflicting ( 2) signal. In the Bayesian analysis, Gongylus
gongylodes nests within Acromantinae along with Epaphroditinae, making the Hymenopodidae þ Empusidae clade
monophyletic, although additional sampling from both
families is needed to test this relationship.
Our finding that Mantidae is a grossly paraphyletic lineage is not particularly surprising, as this family has historically been a taxonomic ‘grab-bag’ of many divergent taxa
including 80% of the described species (Beier, 1968). A
major innovation in Ehrmann’s (2002) work was to raise a
number of Mantidae subfamilies to familial status, and to
describe additional subfamilies within Mantidae. Ehrmann
(2002) elevated the subfamilies Iridopteryginae, Thespinae,
Sibyllinae, Toxoderinae, Liturgusinae and Tarachodinae,
formerly placed within Mantidae, to familial status. In
addition, the Mantidae was reorganized to include twenty
subfamilies. These new families (Iridopterygidae, Thespidae
and Liturgusidae) nest in positions more basal to the majority of the other Mantidae, which appear on the more apical
portions of the tree. However, Thespidae appears to be
grossly paraphyletic, with the three representative subfamilies (Hoplocoryphinae, Oligonicinae and Pseudomiopteriginae) broadly separated on the tree. The placement of these
taxa make sense in light of predatory strategies (described
below) in that Pseudomiopteriginae are ambush mantids
which nest among the other ambush mantids, Hoplocoryphinae are cursorial mantids which nest among the other
cursorial mantids and Oligonicinae are generalist predators
which nest among the other generalist predators in our
topology. Our sampling of Liturgusidae is not sufficient to
conclude anything about its status as a valid family. For
those subfamilies within Mantidae and Iridopterygidae,
which include multiple exemplars, none is monophyletic.
These results suggest that even the revised classification of
Ehrmann (2002) needs further revision to represent mantid
phylogeny more accurately.

#

Although detailed analyses of hunting strategy have yet to
be undertaken for a wide variety of mantid species, our
analysis shows some broad patterns in the evolution of
mantid predation. As described above, the sister group
to Mantodea is Blattaria (with Isoptera nested as a subordinate cockroach lineage), and roaches are generalist
feeders and scavengers. The ancestral condition within
Mantodea appears to be generalist predators which employ
a diverse range of strategies for capturing prey. The specific
hunting strategy used by the mantid placed basal in our
topology (Mantoida schraderi) is unknown, but the topology predicts that it should also be a generalist predator.
Generalist mantids originated at the most basal dichotomy within Mantodea, but the largest monophyletic radiation of generalist mantids is exemplified in clade 1 (Fig. 3)
which includes an assemblage of three diverse families (Iridopterygidae, Amorphoscelidae and Liturgusidae). If clade
1 is also recovered in future analyses with additional representatives of these three families, then this will represent the
largest radiation of generalist predators within Mantodea.
Species from this clade live on the bare surfaces of trees on
the main trunk or branches. They exhibit cryptic behaviour,
holding still to avoid detection, but resort to fast bursts of
speed to capture prey. The behaviour of these mantids
appears more advantageous to a smooth, unhindered environment as opposed to the complex tangle of vegetation
characteristic of ambush mantids.
Within the generalist mantids there are three independent
origins of the cursorial strategy, where mantids are
restricted to actively hunting on the ground by intercepting
prey. Within clade 1 (Fig. 3), the cursorial lifestyle evolved
once within the genus Cliomantis and once within the clade
Tarachina þ Chloromantis. The arid habitat of these three
genera suggests that both groups are probably derived from
ancestors living on dry scrubland trees. The sister group to
Cliomantis is Gyromantis, and we have observed Gyromantis
utilizing both tree surface and ground habitats as generalist
predators. There appears to be differing degrees of ground
utilization throughout Amorphoscelidae, and the group
seems to exhibit an intermediate predatory strategy, by
searching for prey both on trees and on the ground. Within
clade 2, the cursorial predatory strategy was derived once
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Outgroups

?

Mantoididae

Mantoida schraderi
Bantia sp.1
Bantia sp.2

Cursorial

Mantinae

Amantis reticulata

Amelinae

Thespidae
Mantidae

Calofulcinia australis
Calofulcinia paraoxypila

Nanomantinae

Chloromantis rhombica

Tropidomantinae

Tarachina sp.

Hapalomantinae

Ciulfina sp.

1

Oligonicinae

Plistospilota sp.

Liturgusinae

Iridopterygidae

Liturgusidae

Ima fusca
Ima sp.2

Generalist

Nanomantinae

Bolbe sp.2
Bolbe sp.1

Hapalomantinae

Fulcinia punctipes

Nanomantinae

Neomantis australis

Tropidomantinae

Iridopterygidae

Paraoxypilus tasmaniensis
Paraoxypilus sp.2
Gyromantis sp.2

Paraoxypilinae

Gyromantis occidentalis

Amorphoscelidae

Cliomantis obscura

Cursorial
2

Cliomantis sp.2
Litaneutria minor

Amelinae

Heterochaetula sp.

Vatinae

Mantidae

Hoplocorypha sp.1
Hoplocoryphinae

Thespidae

Gongylus gongylodes

Empusinae

Empusidae

Phyllocrania paradoxa

Epaphroditinae

Hoplocorypha sp.2

Acromantis sp.
Chrysomantis sp.

Acromantinae

Hymenopodidae

Hymenopus coronatus
Pseudocreobotra ocellata

Hymenopodinae

Mantis religiosa
Tamolanica denticulata

Ambush

Statilia apicalis

Paramantinae

Statilia apicalis
Choeradodis rhombicollis Choeradodinae
Orthodera sp.

Orthoderinae

Rhombodera stalii
Hierodula sp.2
Tamolanica tamolana

Mantidae
Paramantinae

Hierodula schultzei
Archimantis sp.
Tenodera aridifolia
Tenodera australasiae

Mantinae

Sphodromantis viridis
Paramantinae

Sphodromantis lineola

Character Class

Anamiopteryx sp.2

Ambush
Cursorial
Generalist

Anamiopteryx sp.1

Pseudomiopteriginae

Thespidae

Vates pectinacornis
Phyllovates chlorophaea

Vatinae

Stagmomantis vicina
Stagmomantis limbata

Stagmomantinae

Mantidae

Stagmomantis carolina
Melliera brevipes

Mellierinae

Fig. 3. Direct optimization topology with predatory strategy indicated on the topology and mapped on the nodes. The ancestral condition in
mantids is generalist, with two shifts to cursorial strategy in clade 1 and one shift in clade 2. This topology supports a single origin of the
ambush strategy. The strategy of Mantoida schraderi is unknown.

that these multiple shifts from bark surface dwelling to
cursorial specialization are associated with habitat.
All mantids which possess the ambush strategy form a
monophyletic group whose apical placement suggests that

within the clade comprising Hoplocorypha, Heterochaetula
and Litaneutria. Members of this clade are all considered
strict cursorial specialists. These taxa are found in the same
sort of arid habitat as the other cursorial taxa, suggesting
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this is the most derived hunting strategy. The majority of
mantid species fit within this category, suggesting that the
shift from generalist to ambush predators was a major
innovation in mantid diversification. Hymenopodidae and
Empusidae are sister to the rest of the ambush mantids, and
both exhibit some of the most specialized morphological
adaptations (e.g. Hymenopus coronatus, the orchid mantid).
It is perhaps significant that we see no shift from ambush
predators to cursorial predators, or reversals to the generalist strategy, further indicating that this was an important
life shift in the evolution of mantids. We suspect that a shift
also occurred in the mantid visual systems, as ambush predators have to orientate to prey in three dimensions,
whereas the generalist and cursorial predators essentially
hunt in two dimensions. This potential shift will be investigated in a subsequent study which will examine many facets
of mantid visual systems.
We have presented the first formal quantitative analysis
of mantid phylogeny based on any character system.
Although our results are preliminary, and would certainly
benefit from the addition of representatives of other mantid
lineages, our study suggests that our topology is robust and
that mantid classification needs further revision. The majority of families and subfamilies are paraphyletic, and there is
a need to score both morphology and molecular data across
a wider range of taxa. The predatory strategies employed by
mantids appear more congruent with our topology than the
current taxonomy, and the shift to ambush predators
appears to be a major innovation in the evolution of mantids, leading to a greater diversification of species. Mantids
are a fascinating but neglected group of insects, and further
work deciphering their phylogenetic relationships will
undoubtedly provide valuable insights into the evolution
of these charismatic predators.
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